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ABSTRACT

Design guidance is presented for use by experienced engineers and
architects. The types of buildings within the scope of this manual include
sl ab-on-grade, partially-buried (bermed) or fully-buried, and large (single-
story or multistory) structures. New criteria unique to earth-sheltered
design are included for the follow ng disciplines: Planning, Landscape
Design, Life-Cycle Analysis, Architectural, Structural, Mechanical (criteria
include bel owgrade heat flux calculation procedures), and Electrical.
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FOREWORD

Earth-sheltered buildings offer an inportant alternative to conventionally
designed facilities. This design manual, which is one of a series, provides
criteria for evaluating the habitability and suitability of earth-sheltered
space as well as providing new technical design information. Both the

aesthetic and technical aspects of this manual represent the nost current
design practice and engineering nethods available for |arge earth-sheltered

bui | di ngs.

Many of the technical criteria are the product of on-going research in the
scientific comunity. As research continues in both public and private
institutions, inproved calculation techniques may becone available. The
designer is encouraged to make use of new data from professional societies
associations, and institutions. However, deviations fromthe Design Manua
criteria nust have prior approval from Naval Facilities Engineering Conmmand
Headquarters (Code 04).

This publication is certified as an official publication of the Nava
Facilities Engineering Command and has been reviewed and approved in
accordance with SECNAVI NST 5600. 16.

Conmander \
Naval Facilities Engineering Conmmand
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Section 1. REGULATIONS AND GUI DELI NES

1. SCOPE.  This manual contains design criteria for earth-sheltered
buildings. The design criteria include site planning, architectural, civil,
structural, nechanical, and electrical disciplines. The mechanical design
data for the evaluation of belowgrade heat flux, heating and cooling | oads,
and peak loads is restricted to buildings over 15,000 square feet. (See
Section 18, Energy Calculations, for additional restrictions.)

This manual does not apply to housing (single-famly dwellings and
dormtories).

The term "earth-shel tered" does not necessarily nean "underground.” The
term applies to any building that has some portion of its exterior walls
bel ow ground. By this definition, "earth-sheltering" includes a building
that has an earth bermup to the window sills. It also includes any
Conventional building that has a usable climte-controlled basenent.

To denonstrate the use of the criteria contained in this manual, a step-
by-step exanple is included in Section 19.

2. RELATED CRITERIA. Certain criteria related to earth-sheltered
construction appear elsewhere in the DM series. Refer to the following
sources :

Subj ect Sour ce

Site Planning . . . . . NAVFAC DM 1
Wt er proof i ng, Danpproofl ng and Oondensat|on Control NAVFAC DM 1
Space Planning . . . . . . NAVFAC DM 1
Construction Requirenents by Cllmate ....... NAVFAC DM 1
Structural Engineering General Requirements . . . NAVFAC DM 2.1
Structural Loads . . . . . . . . . .. ... ... NAVFAC DM 2.2
Steel Structures . . . . . . . . ... NAVFAC Dvm 2.3
Concrete Structures . . . . . . . . . . ... .. NAVFAC DM 2.4
Tinber Structures . . . . . . . . . .. .. ... NAVFAC DM 2.5
Al um num Masonry, Conposite Structures

and Qther Structural Mterials . . . . . . . . .. NAVFAC DM 2.6
Mechani cal Engineering . . . . . . . . . .. ... NAVFAC Dv 3
Plunbing Systems . . . . . Coe NAVFAC DM 3.1
Heating, Ventilating, A r-conditioning and

Dehum difying Systems . . . . . . . . ... ... NAVFAC DM 3.3
El ectrical Design Considerations . . . . . . . .. NAVFAC DM 4.1
Electrical Power Distribution Systems . . . . .. NAVFAC DM 4.2
Electrical UWilization Systems . . . . . . . . .. NAVFAC Dw 4.4
Wre Communication and Signal Systenms . . . . . . NAVFAC DM 4.7
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Subj ect

Hydrology and Hydraulics . . . . . . . . . . . ..

Drai nage Systens
Pavenents .

General Provisions and Geonetric Design for Roads,
Streets, Walks, and Cpen Storage Area

Soi | Conservati on. Lo
Fences, Gates, and Quard Towers .

Soi | Mechanics, Foundations, and Earth Structures .

Fire Protection Engineering .
Col d Regi ons Engineering . Co
Site Evaluation of Waterfront Structures .

1.4-2
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NAVFAC
NAVFAC
NAVFAC

NAVFAC
NAVFAC
NAVFAC
NAVFAC
NAVFAC
NAVFAC
NAVFAC

DM 5. 2
DM 5.3
DM 5. 4

DM 5.5

DM 5. 11
DM 5. 12
DM 7 Series
DM 8

DMV 9

DM 25



Section 2.  CLIMATE EVALUATI ON

1. GENERAL. This section provides general guideline for evaluating the
suitability of earth-sheltered buildings for various climates.

2. SENSITIVITY TO ANALYSIS. Cimte is the nost sensitive index to
life-cycle performance of earth-sheltered buildings. As a general rule,
earth-sheltered buildings will tend to have a better l|ife-cycle performance
incold climates than in hot climtes. Earth-sheltered buildings in mld
climtes, such as San Diego, usually will not have a life-cycle benefit over
conventional construction. These general rules are subject to qualification
by the variables discussed bel ow.

a. Infiltration Loads Related To Cimte. Placing exterior building
surfaces belowgrade reduces infiltration. Because of the larger indoor/
outdoor tenperature differential in cold climtes, energy savings due to
reduced infiltration will be greater in cold climates than in hot climates.

b. Latent Cooling Loads Related to Oimate. Even though the indoor/
outdoor tenperature differentials in hot climtes may not be as great as
those in cold climates, the latent conponent of cooling |oads attributable
to infiltrating air will tend to inprove the conparative feasibility of
earth-sheltered buildings in hot and hot-humd climates.

. Energy Costs Related to Cimtes. Because of the different kinds
of energy sources available, the variation in local energy costs, and the
range of Qperating efficiencies for different nechanical systenms, it is not
possible to correlate energy costs with climate in general. In sone
instances, the relative advantage of earth-sheltering in harsh, cold
climates will be reinforced by fuel costs, particularly if fuel oil is used
for heating. For exanple, the cost of fuel oil per mllion Btu's of heating
|l oad would be $9.50 ($32.42/nillion W) based on $1 per gallon ($.26/L) of
fuel oil and a boiler efficiency of 75 percent. By conparison, electricity
for cooling would cost $5.86 per nillion Btu's ($20/nmillion W) of cooling
| oad based on $.05 per Kkilowatt-hour and a coefficient of performnce of
2.5, On this basis, there is a positive correlation between energy costs
and colder climtes. On the other hand, if natural gas is used as an energy
source for heating at the rate of $2.50 per 1,000 ft*($0.088/m) of
gas, the correlation between cold climates and fuel costs can be negative.
At $2.50 per 1,000 ft’($0.088/m’) of gas and with a boiler efficiency
of 75 percent, heating would cost $3.33 per mllion Btu's ($11.36/mllion
W) of load as conpared with $5.86 ($20) for cooling as cal cul ated above.

d. Internal Heat Gains Related to Climate. Internal heat gain from
equi pment, Tights, and people wll reduce heating requirenents. In cold and
tenperate climtes, earth-sheltering will reduce the nunber of hours in a
year where heating loads attributable to heat |oss, ventilation, and
infiltration exceed the internal heat gains. Thus earth-sheltering, while
reducing the overall heating load, will also reduce the anount of usable
internal gains. In climates where there is a domnant cooling |oad
year-round, the internal gains will not be significantly affected by
earth-shel tering.
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FIGURE 1
Cimtic Regions for Small, Naturally-Ventilated Earth-Sheltered Buildings

e. Ground Tenperatures Related to Climate. Gound tenperatures have a
positive correlation to air tenperature but the correlation is not
proportional. Wth an earth-contact configuration,. the inprovenent in the
i ndoor/outdoor tenperature differential is nuch greater in cold climates
than in hot climtes. Further, earth-sheltered buildings in cold, tenperate
climtes can take significant advantage of thermal lag. In effect, thermal
lag can provide sone heat during the early heating season and provide
cooling benefits during the cooling season. In hot climtes, solar
radiation tends to increase ground tenperatures. Marm ground tenperatures
do not contribute to cooling. In hot, arid climtes, however, the
relatively steady ground tenperatures wll benefit the energy requirenents
by removing the building from exposure to diurnal tenperature extrenes.

f. Construction Costs Related to Cimte. Local price differences
notw thstanding, construction costs for conventional buildings tend to be
higher in cold climates than in hot climates. This is mainly due to frost
footings and greater insulation thicknesses for conventional buildings in
cold climtes. Earth-sheltering tends to elimnate the frost footing. In
addition, insulation costs are reduced since belowgrade insulation can be
| ess expensive than above-grade insulation. Earth-sheltered construction is
thus nore conpetitive in cold climtes than in hot climates.

3. CLIMATE SU TABILITY FOR SMALL BU LDINGS. Because small buildings are
nore sensitive to passive energy techniques than large buildings, it is
possible to map out the suitability of small earth-sheltered buildings by
climatic region. This has been done by Kenneth Labs (See Reference 1,

Regi onal _Analysis of Gound and Above-Gound Oinate by Kenneth Labs). The
conclusions of this report pertain only to small, skin-dom nated buildings
or portions of buildings that are not hernetically sealed and are not
mechanically ventilated. The confort criteria which determne the

suitability of earth-sheltering are derived from climatic data which was
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cross-checked with confort zones indicated in a bio-climatic chart.
Figure 1 and the followi ng text, which refers to Figure 1, are based on that,
report.

Region A Good Summer and Wnter Suitability. Cool to cold, cloudy
wi nters maxi m ze the value of earth-tenpering as a heat conservation
measure. Cool soil and dry sumers favor subgrade placement and
earth-covered roofs, with little likelihood of condensation.

Region B. Excellent Summer and Wnter Suitability. Severely cold
winters demand mmjor heat-conservation measures, even though nore sunshine
is available here than on the coast. Dry summers and cool soil favor earth-
covered roofs and ground coupling.

Region C. Strong Summer and Wnter Benefits. Good w nter insolation
somewhat |essens the need for extraordinary winter heat conservation, but
the value of the sunmer benefit is nore inportant here than in the zone
above. Earth-covering is advantageous, the ground offers sone cooling,
condensation is not a problem and ventilation is not a major necessity.

Region D. Major Wnter Benefit, Summer Mxed Blessings. Cold and often
cloudy winters place a premum on heat conservation. Low sumrer ground
tenperatures offer a cooling source, but with the l|ikelihood of
condensation. Hgh summer hunidity makes ventilation the |eading summer
climte control strategy. An above-ground, superinsulated structure
designed to maximze ventilation is an inportant alternative.

Region E. Mrginal Wnter and Summer Benefit. Generally, good wi nter sun
and mnor heating demand reduce the need for extreme heat conservation
measures. The ground offers protection from overheated air, but not mgjor
cooling potential as a heat sink. The primacy of ventilation and the
possibility of condensation conprom se summer benefits. Quality of design
wll determne the actual benefit realized here.

Region F. Insignificant Wnter Benefit, Small or Negative Summer
Benefit. Gound tenperatures can actually be higher than the indoor anbient
tenperature at times during the sunmer nonths with a 65°F (18.1°C) indoor
tenperature. Although a slight cooling benefit can exist for a 78°F (26°C)
i ndoor tenperature, especially for large buildings, small buildings can
obtain better passive cooling by ventilation. Earth-sheltering would reduce
the envel ope heat gain for both large, nechanically-ventilated buildings and
smal | buildings. However, even in this respect, small buildings are better
of f using passive ventilation and shading. Persistent high hunidity |evels
negate the value of roof mass and establish ventilation as the only
i nportant summer cooling strategy. Any design that conpronises ventilation
ef fectiveness without contributing to cooling is considered
count er producti ve.

Region G Insignificant Wnter Benefit, Marginal Sunmmer Benefit. This
is a transition area between zones F and H Comments for zones F and H apply
here in degree. The value of earth-tenpering increases noving westward
through this zone, and dininishes moving southward.
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Region H Insignificant Wnter Benefit, Useful Summer Advantage. Summer
ground tenperatures are high, but relatively nuch cooler than air. Aridity
favors roof mass, reduces the need for ventilation, and elimnates concern
for condensation. The potential for integrating earth-tenpering with other
passive design alternatives is high.

Region |. Insignificant to Marginal Wnter and Summer Benefit.
Extraordinary means of climte control are not required due to the relative
noder at eness of this zone. Earth-tenpering is conpatible with other winter
and sunmer strategies, with no strong argunent for or against it.

Region J. Insignificant to Useful Wnter Benefit, Mrginal to Useful
Summer Advantage. Latitude and topography cause wde variration in [ocal
climte and soil tenperatures. Cenerally, coments for zones C and H apply
here in degree.
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Section 3. SITE EVALUATI ON

1. GENERAL. This section deals with site-evaluation issues affecting the
design of earth-sheltered structures. The enphasis is on those site issues
which are nore inportant or nore pertinent for earth-sheltered structures
than for conventional structures.

2. SITE I NVESTI GATION PROCEDURES. In an earth-sheltered building, the
underground work may represent the major portion of the project. Thus, poor
site investigation practices leave a large margin of uncertainty in the
total project costs.

Checklists of site investigation procedures are given bel ow.

a. Site Records. Existing records (legal and historical) should be
the starting point for a serious investigation of a site. Aside from
providing the | egal description of a site together with any existing
agreements restricting its use, such a survey Can reveal what is likely to
be encountered on the site in ternms of existing foundations, utilities, a
past history of water problens, subsidence, and so forth. Types of
Information that should be included

« Oiginal plat/survey informtion

« Easements (horizontal and vertical extent)

« Mneral rights (together with any agreements as to access from
the property)

« Existing topographic information

« Existing utility and building information (discussed below

« Records of seismic activity or zone clarifications for seismc

desi gn

Exi sting surficial and bedrock geol ogic information

Exi sting foundation or soil reports

Exi sting percolation test reports

Exi sting agricultural or planning studies

Exi sting information on ground water conditions and surface

drai nage

+ Soil tenperature

The best sources of this information can vary, but the usua
sources include:

Local, city, or county engineer's office

Cty or county records departnent

Aerial survey conpanies

State geol ogi cal survey information

United States Geol ogical Survey maps and reports

United States Department of Agriculture soils information
(usual l'y shal | ow only)

Previous records from nearby construction

Vel l-drilling records

Drilling records of public agencies

Techni cal papers on local geology, mcroclimte, soil
conditions, and so forth (in nearest university library)

+ Experienced local soil-testing firms and consultants (as paid
service)
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« Covernnent agency responsible for adjacent roads or nearby

facilities

Local weather reporting agency

b. Existing Structures and Wilities. Existing bel owgrade structures

can include the follow ng:

Storm and sanitary sewer |ines, manholes
Water mains

Gas |ines

Electric cables and vaults

Tel ephone cables and vaults

Tanks, septic tanks, cisterns

Steam or hot-water |ines

I ndustrial waste |ines

Fire lines or firetanks

Pi pel i nes

Tunnel s

Exi sting/ abandoned pilings

Ad building or equipnrent foundations
Age, condition, and depth of adjacent structures
Buried road beds

Filled-in basements of old buildings
Fortifications

Dunp-site locations

Toxi c agents

Buried expl osives

. On-Site Investigation. The on-site investigation should include

the fol | ow ng:

Evi dence of existing construction

Location and napping joints on any rock outcrops

The existing canopy and understory vegetation, |ocation of
mature trees, and other natural features to be preserved
Changes in vegetation indicating changes in soil type, depth or
ground water conditions

Erodibility of soil on any steep slopes

Potential views

Gbstructions to access

Evidence of surface water drainage patterns

Adj acent structures

Verification of surface utility features such as manhol es or
power pol es

Based on the site inspection, information from existing maps and
records, and the anticipated siting of the building, a soil-boring program
shoul d be designed as outlined in NAVFAC DM 7 Series

3. SITE INFLUENCES ON TEE BU LDING DESIGN. The following site conditions
are evaluated in terms of their relative inpact on predesign decisions.

a. Cimtic Influences. Since energy efficiency is a major criteria

for evaluating earth-sheltered buildings, it is inportant to be aware of the
general climate of the region in which the site is located (see Section 2,
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Cimte Evaluation). It is also inportant to establish the likely
mcroclimate of the site, as determned by the existing topography,
vegetation, and surrounding structures. These issues have been analyzed in
detail by others. (See Reference 2, Design with dimate, by d gyay;
Reference 3, Man, Cinmate and Architecture, by Gvoni; and Reference 4
Plants, People and Environmental Quality, by Robinette.)

For earth-sheltered buildings, the range in air tenperature will
indicate the noderating potential of the earth. Hgh air tenperatures
indicate some earth-cooling potential. Al though total energy savings from
an underground |ocation are usually less in warner climates, earth-contact
cooling may be one of the few passive techniques available. Wnd speeds and
humidity in combination with air tenperature indicate the availability of
confort conditions in warm clinmates through ventilation strategies.

These are not always practical for large buildings or where dust
and humidity nust be controlled. The ground-tenperature information gives a
basel ine conmparison with outside conditions but does not represent the
conditions in the ground adjacent to an operating building. The solar
information should indicate the inportance of incorporating passive or
active solar strategies into the building design.

b. Environmental and Land Use Issues. Environnental or |and use
consi derations very often are conplenentary to the devel opnent of an
earth-sheltered design. QGccasionallyfhese factors will suggest an
earth-sheltered building as the only appropriate solution, especially when
the preservation of natural surroundings is of primary inportance. In
non-urban areas, environnental issues generally relate to the potential of
earth-sheltered buildings to preserve existing ecological systens.

C Access and Building Services. A major problemin the site
evaluation of an earth-sheltered or underground facility is the need to
provi de adequate and efficient access to the building. This usually
conflicts with the desire to blend the building with the context of the site
and to nmaintain the maxi mum anount of earth-sheltering. (See Section 9,
Space Planning and Programming, for access requirenents.)

A further design problem from an aesthetic point of view, is that
the building elenents which provide the service and access functions are
usual Iy the least attractive elements of a building and will, in an
earth-sheltered structure, be among the nmost visible. Solutions to this
probleminply careful site and building design to allow as unobtrusive a
service access to the building as possible.

A checklist of building access and service itens to be considered
i's given bel ow:

e Pedestrian access to the building

e Pedestrian access through or across the building
Access for the disabled

Service access

Any significant materials-handling requirenents
Equi pnent  access/ renova

Exterior storage areas

Fire departnent access

Overhead utilities
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o Surface utilities, for exanple, neters, transformers, junction
boxes, fire hydrants

* Relative heights of the lowest building |level and the storm and
sanitary sewers

« Site drainage

d. Sanitary and Storm Sewer. The itemon which a |ot of attention has
been placed in the discussion of major underground facilities is the
potential location of a portion of the building below the level of the
community's sanitary and storm sewer system This is not particularly
unconmon in building design and the situation is handled by providing a sunp
and subnersible punps to Iift any drainage water or sewage from the |owest
levels of the building. Sewage and water can be punped to considerable
heights. It is customary to provide standby power equipnment for critica
installations and also to provide duplicate equi pment where servicing woul d
exceed allowable shut-down tinmes. See Section 17, paragraph 4 for further
requirements. A standby punp could be designed to come in service in
conditions such as drainage for firefighting. Qutside access for punp
suction pipes should be considered.

e. Isolation and Protection. In general, an earth-sheltered or
underground building will provide inmproved protection in the follow ng cases

o Exterior noise protection

* Low vibration requirements

e Building security

* Vandalism protection

o Blast protection against exterior blasts

* Protection to surrounding buildings from interior explosions

 Tornado and hurricane protection

* FEarthquake resistance

o Fallout protection

f. Topography. The nost desirable sites for mninmum cost of

construction wll generally be gently sloping sites of a large size in
relation to the building. Deep buildings on flat sites will inevitably

invol ve substantial net excavation, requiring either hauling or
redistribution of the excess on the sanme site. Steep slopes should not

al ways be construed as di sadvantageous for earth-sheltered buildings. In
fact, a series of narrow earth-sheltered buildings can nake effective use of
steep slopes which woul d otherw se be al nost unbuil dable.

, G ound Conditions/ Gound-Water Conditions. Gound conditions will
determne the ease of excavation, the bearing capacity of foundations
| ateral pressures for design, and the suitability of the excavated material
for backfilling. Special consideration nust be given to the effects of
earthen load relative to potential consolidation. Larger |oaded areas will
transmt pressures to deeper depths

Sand or gravel is usually recomended for backfilling around an
underground structure for three reasons: (1) it is easy to conpact, (2) it
provi des good drainage, and (3) it provides nore predictable and |ower
|ateral pressure when drained. |f sand and gravel are not available on the
site, they can be brought to the site in |imted quantities for the
i mediate backfilling of the walls. If this is not economcal owng to very
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great hauling distances, the walls may need to be designed for higher
| ateral pressures and drainage provided adjacent to the wall using a
drainage mat. See Section 7, paragraph 3 for further discussion.

Rock conditions within the excavation will necessitate a change in
excavation nmethod. Rock ripping or drilling and blasting are both usually
substantially nore expensive than soil excavation. To sone extent blasting
costs can be offset by the elimnation of tenporary retaining walls, which
are not usually required for excavation in conpetent rock. This aspect can
be significant for deep buildings on snmall sites but blasting will usually
be subject to restrictions to protect adjacent structures. The |arger types
of excavating equi pment available today are able to rip nost weathered rock
and even jointed layers of quite conpetent rock. R pping and blasting are
both nore feasibile on large than on small sites. A bedrock |ayer that
sl opes across the site will require careful foundation design to ensure even
settlenment of building foundations.

The presence of ground-water levels within the planned building
depth will always conplicate the building design and construction and
hence, increase its cost. There are two nain options: (1) draining the soi
and drawing down the water level, or (2) conpletely waterproofing the
foundation and floor.

If the building is to be fully waterproofed, it nust be designed to
counter buoyancy and to withstand the lateral water and soil pressures.
Buoyancy may be countered by one of the following: (1) providing a thick,
mass concrete floor, (2) tying the building down to a rock |ayer below using
drilled anchors, or (3) by using an extension of the floor slab beyond the
bﬁild:ng wall's to mobilize the weight of the soil nmass above this portion of
the slab.

h. Excavation Costs. Several factors affect the cost of excavation
and the tenporary and permanent retaining walls required. Excavation is
cheapest when the excavated material can be |oaded directly by |arge
capacity equipment onto trucks or, better still, stockpiled (on a |arge
site) for use as backfill. Costs increase when conditions are not ideal, as
indicated by the follow ng exanples:

o« Costs are higher for deep excavations where trucks cannot drive
to the bottom of the excavation and a large portion nust,
therefore, be excavated by drag line or bucket.

« An excavation where the progress is too slowto allow continuous

operation of trucks may cause stockpiling and doubl e handling of
materi al .

« Excavation sites with insufficient adjacent-site area may result
ininefficient use of equipnment due to access problens and a
| ack of storage area

 Costs are higher for excavations requiring extensive tenporary
retaining walls.

 Costs are higher for excavations which extend bel ow the
foundation levels of nearby structures
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Section 4. BU LD NG TYPE EVALUATI ON

1. GENERAL. Sone building types are nore suitable to earth-sheltering than
others. This section identifies the relative advantages and di sadvant ages
of earth-sheltering for various types and sizes of buildings.

2. HGH INTERNAL HEAT LOADS. Building functions that tend to have high
internal heat |oads include data-processing rooms, conmmunication facilities,
food-preparation facilities, and simlar functions. Oten, the

heat - producing portions of these buildings will require cooling year round
Wiere these functions are |ocated in separate nechani cal zones away fromthe
perimeter of the building, earth-sheltering will not affect the energy
requirements for those portions of the building significantly. [If the

heat - producing zones are located on the perimeter, energy savings can be
achieved for those zones. However, even in the nost optinmal design
considerations --a zone wth maximm earth-contact and cold ground

tenperat ures-heat |oss fromthe earth-contact surfaces may be one or two
orders of magnitude smaller than the internal heat generated by people,
lights, and equipment. |f the cooling-load profile is variable in nature
(for exanple, a conference room which is not always occupied), the heat |oss
to the earth-contact surfaces will serve to danpen the peak cooling |oad
thus reducing cooling equipnent capacities, leading to lower first costs in
nmechani cal equi prent and higher operating efficiencies. It is essentia

that not only the integrated annual energy performance, but also the

i nstant aneous energy performance of the building be considered when
quantifying the thermal benefits available from earth-sheltering

3. MODERATE | NTERNAL HEAT LQOADS. Buildings characterized as having
moderate internal heat |oads include offices, housing, medical facilities,
and educational facilities. Buildings of this type are all conducive to
earth-sheltering depending on other variables such as climte

4. BULDINGS WTH M NI MAL HEATI NG REQUI REMENTS. Bui |l dings with ninimal
heating requirements are best represented by dry-storage warehouses. A
typical anbient air tenperature for such facilities may be 55°F (12.8°C).
Such buildings do not easily achieve long-term econony by earth-sheltering
This is because the lower the indoor anbient tenmperature, the lower wll be
the energy savings in the heating seasons. Also, dry-goods warehouses are
usual [y not air conditioned;, thus, the cooling benefits associated wth

earth-sheltering will not serve to offset the operating costs of that kind
of building.

Refri gerated warehouses have the potential to benefit from
earth-sheltering in several ways. First, the earth acts as a tenperature
noderator, reducing heat gains to the refrigerated spaces. As a result
cooling loads will be reduced and refrigeration equipment will operate under
more stable cooling loads, resulting in higher operating efficiencies.
Second, in the event of a power or equipnment failure, the warehouse will
maintain its design tenperature for a | onger period of time than would a
li ghtwei ght structure, thus mnimzing the need for backup cooling equi pment

5. ROOF-DOM NANT BU LDINGS.  Roof -domi nant buildings have roof to wall area
ratios greater than unity. From the point of view of life-cycle cost
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roof -dom nant buildings have less to gain by earth-sheltering than buildings
with small roof areas. Wen land costs are not a factor in the life-cycle
cost analysis, life-cycle savings will not normally be achieved by
earth-sheltering the roof. In this case, depths of earth cover that would
have a thermal mass close to the thermal mass obtainable at the wall, are
not economcally achievable due to the high structural costs for supporting
the additional weight. Consequently, the nechanical savings per unit of
construction cost of the building envelope will be much |ower for roof areas
than for wall areas.

In northern climtes, an earth-sheltered alternative to a conventional
single-story building will have better life-cycle results as a three-story
building than as a one-story building. Even better life-cycle results wll
be obtained for earth-sheltering a building that would otherw se be
mul tistory in its conventional form In southern climates, a nultistory
earth-sheltered building will normally not be a life-cycle inprovenent over
a one-story conventional building.

6. VENTILATION AND | NFILTRATI ON-DOM NANT BUILDINGS. In conventional
bui | di ngs, wuncontrolled infiltration is often the single largest factor
contributing to the heating loads. Infiltration occurs at building joints,
roof edges, windows, and doors. Infiltration rates can be inproved by
appropriate detailing and by the selection of products with better
infiltration performance. Infiltration at entrances can be decreased by
using revolving doors and vestibules instead of single-swing doors. To a
| arge extent, however, infiltration through the building envelope is a
matter of quality control. Earth-sheltering effectively elimnates
infiltration without regard to quality control. Were the amount of
fenestration can be reduced bel ow normal requirenents, infiltration
reduction by earth-sheltering will often be the nost significant
contribution to the life-cycle savings for buildings in northern clinmates.
Buildings with [ow heating loads, and therefore buildings that are not
infiltration-domnant, wll not achieve as significant a reduction in energy
costs.

The heat losses or gains due to the introduction of outside air into an
occupi ed space for ventilation purposes usually conprise a major portion of
the total load. Any energy saving potential of underground space can easily
be offset by ventilation requirenents of the building. It is inportant that
the ventilation load (amount of outside air introduced into the building) be
mnimzed. Refer to the reconmended |evels of ventilation air as set forth
by American Society of Heating, Refrigerating and Air-Conditioning Engineers
Standard 62-1981 (See Reference 5, ASHRAE Standard 62-1981). M nim zing
ventiTation requirements will certainly enhance the energy saving potential
of underground space. Energy recovery systems have the potential to recover
30 to 60 percent of the energy lost through ventilation.

7. MECHANI CAL ZONING OF THE BULDING  The mechanical zoning of a building
has an inportant effect on the relative energy performance of an
earth-sheltered building. Buildings having discrete mechanical zones with
little or no thermal interaction between zones cannot be earth-sheltered to
reduce energy loads on interior zones. Consequently, such buildings can
make the nost of earth-sheltering by locating the zones with the highest
energy requirements on the perineter of the building. It may also be
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possible to recycle air from zone to zone to achieve greater therm
interaction between earth-sheltered zones and non-earth-sheltered zones,
though, the parasitic power costs associated with moving air from zone to
zone may offset the energy savings. The use of heat punps between zones
having opposite cooling or heating requirenents may also be a consideration.

8. BULDNG SIZE. The size in total floor area of a building affects at

| east four other variables. These are: roof-dom nance, life-safety costs,
perineter requirements, and mechanical zoning arrangenent. In general, the
smal |l er and nore conpact the building, the nore these variables will work to
improve the life-cycle econony of earth-sheltering. Cenerally, a smaller
earth-sheltering building with a smaller roof area will be nmore effectively
earth-sheltered than a building with a larger roof area

a. Large Buildings. As the size of a building increases, the life-
safety requirenments for the nunber of exits increases. Further, if the
depth-from a window ess wall is increased beyond certain limts, additional
fire access panels or an automatic fire-extinguishing system may be
required. Large buildings will tend to have nmore zones w thout earth
contact than smaller buildings. The ratio of earth-contact zones to
non-earth-contact zones can be increased, however, by increasing the |ength-
to-width ratio of the building. The economc trade-off will be the
increased initial costs for the additional wall area. In large buildings
earth contact will have little inpact on the heat flux through the floor for
zones |ocated away from the perineter

b. Smal| Buildings. If a building is small enough, fenestration on
one side (which may be used for passive solar) may adequately serve nost of
the building area. Smaller buildings will have a smaller volume of
i ndependent interior nechanical zones. Thus, nore of the zones will be able
to take advantage of earth-sheltering. In very small structures without
interior zones, the earth-sheltered building can be arranged to provide all
exiting and natural light requirements on a south-facing wall which also
takes advantage of passive solar. Passive solar and earth contact in
residential -size buildings will affect all zones of the building. At this
scale, the structural bay becomes small enough to make earth-cover on the
roof |ess expensive. However, in warm humd climtes where snal
conventional buildings would normally take advantage of passive cooling
earth-sheltering will not have an advantage. In such climtes, the nost

effective means of passive cooling will be by cross-ventilation rather than
by earth contact.

9. LEVELS OF TECHNOLOGY. Building size normally correlates with the type
of construction. At one end of the scale, large buildings will normally be
constructed out of reinforced concrete or structural steel; at the other
end, the building may be based on hammer-and-nail technology. A rough line
divides these buildings into what can be termed "institutional" and
"domestic" types of construction. Domestic construction is inherently |ess
expensive both in terns of labor and materials. Environmental controls are
less exact. Small earth-sheltered projects which would normally be
associated with a less sophisticated construction are often drawn into an
institutional type of technology. Thus, on very small projects, the
possible costs of shifting to a different technology nust be considered in
the life-cycle cost analysis.

1.4-14



10. SPECI AL PERI METER REQUI REMENTS. Buildings that have specia

requirements for access, such as warehouses, may not be able to take
advantage of earth-sheltering on all sides. The requirement for natura
light and/or views at exterior walls also conflicts with earth-sheltering

In some instances, the sill height can be raised above berm hei ght

Skylights and atriuns, which are provided to make up for natural |ight |ost
at the exterior walls, must be carefully analyzed for energy loss and
additional construction cost. Interior planning should include the possible
use of borrowed lights to nore economcally distribute available natura

i ght.

11. LI FE- SAFETY REQUI REMENTS. W ndow ess and underground space is at a

di sadvantage froma |life-safety point of view Mst of the exterior walls
will not be accessible for firefighting. Exiting in an upward direction is
more difficult. Wthout proper mechanical neasures, snoke will tend to
accunul ate in the upper portions of the building and clog exit ways. In
order to offset these disadvantages and nmaintain the same degree of safety,
automatic fire-extinguishing systens, refuge areas, Conpartnentalization,
pressurization, and snoke renoval by mechanical neans often nust be
provided. These requirements may increase the initial construction cost.
Bui | dings which would ordinarily have such features as the automatic fire-
extingui shing system and pressurized stairwells, wll consequently be nore
cost effective as earth-sheltered buildings than facilities which would not
otherwise have these features (see Section 12, Fire Protection and Life

Saf ety)
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Section 5. LIFE-CYCLE COST EVALUATI ON

1. GENERAL. An evaluation of the econony of earth-sheltering nust be based
on a life-cycle cost analysis which conforms to NAVFAC P-442, Economic

Anal ysi s Handbook (see Criteria Sources). This section identifies the

anal ysi s-sensitive variables and overall life-cycle trends for various types
of earth-sheltered facilities.

2. INITIAL COSTS. Initial costs include all one-tine expenditures incurred
for financing construction and any related costs such as |and acquisition.

a. Construction Scheduling. Consideration nmust be given to the
duration of the construction phase, seasonal timng, and mechanical systemns
start-up.

b. Land Costs. (QCccasionally, where a value can be assigned to |and
and where there is a progranmatic requirement or a future requirement for
open space, the relative cost for land nust be included in the life-cycle
anal ysi s.

This can be either a negative or a positive factor. For instance,
if-there are no present or future requirenments for open space (parking
parade fields, parks, and so forth), a bermed building plus the related site
work may require nmore land area than the conventional alternative. [If, on
the other hand, the programrequires a parade field which can be |ocated on
the roof, the total land area for the project may be reduced.

C. Excavation. Excavation costs for earth-sheltered buildings can
increase significantly over conventional buildings. Particular attention
shoul d be given to possible shoring and underpinning costs. Excavation
below a water table will result in additional costs for dewatering
Determne if material will have to be hauled fromthe site.

d. Earthwork. Buildings with extensive bermng and/or earth cover
will involve noving greater volumes of soil. Due to the nethod of placenent
and conpaction requirenents, unit costs for placing soil against the
building will be higher than normal grading unit costs. Unit costs for
placing soil on the roof will also be higher. In addition to the placement
of soil, materials such as soil separators, gravel, and, in sone instances
irrigation systens, nust be accounted for. Determne what materials and
quantities will have to be hauled to or fromthe site

e Planting and Gound Cover. Gound cover will be nore expensive to
install than grass, but, the maintenance costs may be |ower

f. Gvil. Consideration should be given to costs for additiona
paving required to meet existing road elevations, area drains, sunps,
additional storm sewer, and retaining walls.

, Architectural. The possible need for parapet walls, guardrails,
and special security neasures (at skylights, for exanple) should be
considered. Roof edge details may be nore costly for structures berned only
to the roof. Reduction of above-grade exterior finishes and wi ndows w ||
result in significant initial savings depending on the relative cost of
exterior wall systens.
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Consi der the possibility of increased insulation thickness over the
amounts required for the conventional structure. Because insulation is
usual ly more econonically installed belowgrade than above-grade, additional
amounts of bel owgrade insulation may have a life-cycle cost benefit that is
not as attainable above-grade.

Waterproofing will normally be a nore significant factor in
earth-sheltered buildings than in above-grade buildings. A distinction
shoul d be made between "danpproofing" and waterproofing. Deternmine if
wat erproofing is required below the floor slab.

Consi der additional costs for an automatic fire extinguishing
system and snmoke renoval systens. Requirenents for conpartnentalization and
refuge areas will increase architectural costs.

h. Structural. Bermed single-story buildings nay achi eve reductions
in the depth of frost footings. Earth-covered roofs wll increase the
structural costs for roof framing, colums, and footings. Lateral pressure
will affect the thickness and reinforcing of perinmeter walls. Structures
designed for buoyancy will have additional foundation and floor-slab costs.
Col um spacing nmay be different for buildings with earth-covered roofs.
Perimeter colums may be fewer or even elimnated with cast-in-place
concrete walls. Unconventional structural systems such as |ong-span
concrete barrel vaults may be especially cost-effective in e bel owgrade
application with earth cover on the roof. See Section 16, Structure.

i Mechani cal . Equipnent and distribution-system costs will be |ower
based on |ower peek design |oads. Reduced nechanical costs typically
represent a major savings for earth-sheltered buildings. In cases where the
sanitary sewer is higher than the [owest floor, additional costs may include
sewage eject ion.

3. FUTURE ADDITIONS. If the facility requires future expansion, the costs
of expansion will likely be higher for an earth-sheltered building. The
extent of the additional work involved in bel owgrade connections must be
estimated. (This anmount nust be increased for inflation to the probable
year of the addition and then discounted to present worth.)

4, MAJOR REPAIRS. Major repairs for both the conventional building end the
earth-sheltered building nust be inflated and discounted in the same way.
Roof repairs for an earth-covered building will be higher then repairs for
conventional roofs. However, if the roof nenbrane is guaranteed by the
contractor for a nunber of years end if the repair costs borne by the
contractor include renoval and replacement of the earth-cover, then repair
costs will likely be higher for the conventional roof. Once |eaks have been
di scovered and repaired within the guarantee period, the nenbrane roofing on
an earth-sheltered building should perform better then the conventional
built-up roof over a 25-year period. Further, the built-up roof will
normal |y have to be replaced within the life-cycle cost period. The

repl acement year will vary according to the type of the roof construction
end exposure, but in any case, replacenent of the built-up roof should
constitute a major life-cycle advantage for the earth-covered roof.

Repl acement of metal coping, flashing, scuppers, and downspouts should also
be taken into account. Replacement of nechanical and electrical equipnent
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will tend to favor earth-sheltering. Tuckpointing, painting, caulking, and
patching should be included for above-grade walls if applicable.

5. OPERATI ONAL ENERGY COSTS. Energy costs must be calculated for both the
conventional end earth-sheltered alternative. Costs for heating and cooling
will normally be substantially lower for the earth-sheltered building.

El ectrical costs for lighting can be considered to be the sane as for the
conventional building unless it can be denonstrated that lighting levels in
the conventional structure would be reduced due to the availability of nore
natural light. Electricity costs for fan energy may or may not be
significantly reduced, depending on ventilation requirenents and the type of
air handling system Al energy costs nust be reduced to cunul ative

di scounted worth.

6. MAINTENANCE AND OTHER OPERATI ONAL COSTS.  Maintenance costs are annually
recurring expenses and nust be reduced to cunulative discounted worth.

O'ten the greatest differences in maintenance costs will be for irrigation
water and nowi ng, pruning, and fertilization for grass and ground cover.

QO her affected costs include w ndow cl eaning. Operational costs for
security may be reduced depending on surveillance requirenments. |nsurance
costs will not normally be applicable to Navy facilities.

7. GENERAL TRENDS. Buildings in northern climates are economcally berned
hal f-way up the exterior wall. This elimnates foundation work between the
floor slab and the frost footing. These construction savings may be offset,
however, if the portion of the wall below grade nust be designed es a
cantilever retaining wall.

Earth-covered buildings that prove to be economcal wll wusually achieve
life-cycle economy by energy savings attributable to the earth-contact of
the walls. An earth-covered building that uses conventional structural
systens may not be nore econonical than a fully bermed building. There are
obvi ous exceptions, including those buildings that achieve a reduction in
| and costs by utilization of the roof area.

Conpact buildings with low roof-to-wall area ratios will tend to be nore
econom cal |y earth-sheltered than buildings with large roof-to-wall area
ratios (See Section 4, Building Type Eval uation).

Earth-sheltered buildings in very mld climtes are usually not
justifiable on an econonic basis alone. The | ess energy at stake, the less
likely that earth-sheltering will have a life-cycle advantage.

The inclusion of an automatic fire-extinguishing systemin an
earth-sheltered building will be a significant set back to life-cycle
savings if the conventional building (used as a basis in the analysis) does
not have such a system Construction below a water table will have a
simlar inpact on the life-cycle results.

If, in a northern climate, the life-cycle basis is a building that has
high rates of uncontrolled infiltration, major savings will usually be
realized by earth-sheltering.

8. MARGN OF ERROR  Regardl ess of the accuracy of the cost estinmate for
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the alternatives under consideration, these values will be conbined with
gross estimates for fuel and electricity escalation rates end di scount
factors (see NAVFAC P-442). Over a 25-year period, a difference of 3
percent in the chosen discount factor will make a difference of as nuch as
30 percent in energy savings end this is also true of fuel escalation rates.

9. | NTANG BLE CONSI DERATIONS. In conpeting earth-sheltered buildings with
above-grade buildings, a nunber of factors to be considered that are not
readily translated into cost. These include exterior noise reduction, blest
and vibration resistance, and aesthetic end psychol ogical considerations.
Thus benefits may be realized that are not specifically required by the
bui | di ng program

Al'l life-cycle cost conparisons involving earth-sheltered buildings nust
be acconpanied by e qualitative description of the aesthetic, programmtic,
psychol ogical, end lighting inplications of the proposed design. The

criteria in Sections 6, 9, 10, and 11 should be used es a checklist for this
report
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Section 6. SI TE CONTEXT

1. CGENERAL. This section discusses the visual relationship of earth-
sheltered buildings and their surroundings. Selected exanples of situations
that are comon to earth-sheltered buildings are included

2. BASIC RESPONSES TO CONTEXT. The follow ng conditions nust be considered
in response to context.

a. Nature. Earth-sheltered buildings are readily integrated with the
natural surroundings. An extreme version of this is the entirely subnerged
building. Were it is desirable to elimnate all exposed walls, an atrium
may be necessary for natural light, ventilation, end exits. An atrium
allows nature to be reintroduced at the interior of the building to replace
the views lost at the perineter

b. Reference. A large earth-sheltered building can contribute to the
reference system by creating a well-defined open space. For instance, the
roof of an earth-sheltered building can be designed es a central parade
ground.

Wth regard to visual hierarchy, earth-sheltered buildings are
initially at a disadvantage. This is obvious in ternms of the facade--often
an earth-sheltered building will have fewer exterior elements for
mani pul ation.

Wthout proper attention, the building services and mechanica
features of earth-sheltered buildings will tend to be nore prom nent
Exterior access for the replacenent of mechanical equi prent, access for
trash renoval, mechanical |ouvers, neters, vents, end boiler flues nust all
be |ocated above grade. Such features should not be allowed to become nore
dom nant than the building entrance

A simlar problem can occur with the parking lot. [If en
unobt rusive earth-sheltered building is directly juxtaposed to the parking
the building can visually beconme en accessory to the parking rather than the
other way around. Hierarchical articulation of the building formand visua
reinforcement of the approach to the building will nitigate this problem

. Coherence.  Coherence is best explained as a condition that
conplies with an expected arrangenent. If a new facility is added to a
base, a degree of coherence can be maintained by incorporating simlar
bui | ding materials.

If the building is earth-sheltered, it is quite possible that the
formof the building will not have coherence in terns of the way it meets
the ground. For the above-grade portions of the building, however, the
designer has recourse to using materials that are simlar to the materials
used on existing adjacent buildings

In an urban environnent, coherence is maintained with respect to
the streets and lot lines. A conventional building which would nornally
exceed the established building height or bulk if built entirely above-grade
can be lowered by providing a number of sub-grade levels. This strategy not
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only takes advantage of earth-sheltering but allows the building cornice
line to match the existing cornice lines. It is inperative that an
earth-sheltered building follow the established setback pattern with its
perceived above-grade nmass. By doing so, the new building will contribute
to the definition of the street and will appear to be conventional in terns
of its street image. The above-grade portion will conplete the street while
the belowgrade portion will take full advantage of earth-sheltering.

In general, coherence with adjacent buildings is less critical in
non-ur bani zed environnents, but, there are circunstances where it should be
addressed. For instance, along a shoreline or other natural boundary, it
will normally be desirable to preserve the continuity of this natural edge
An earth-sheltered building has a strong potential in this regard. Further,
a submerged building may allow a view that would otherwi se be blocked. In
sone instances the roof of the building may serve es en overlook or an
espl anade.

d. |dentity. Positive identities should be reinforced rather then
disrupted. Wiere a group of buildings have characteristics that pronote a
positive identity, the above-grade portions of en earth-sheltered building
can be designed to reinforce that identity. In the process, any negative
associ ations of underground space will be inproved by this external identity.

e. Tradition. Certain traditional building features, such es
fenestration, porticos, and cornice lines indirectly comunicate the status
of the building, howit is to be approached, and how it is to be used. In
terns of the approach to a building, two features--stairs end the
foundation--have particular significance for earth-sheltered buildings.

An ascending flight of stairs has a strong subconscious impact.
Ascent before entering has a preparatory effect. Raising the entrance above
the ground lends inportance to the building. Mst inportant of all, it
correlates with the direction that has a positive psychol ogical identity.

In much nodern architecture, the exterior flight of stairs is
omtted--in pert because of such practical considerations es the econony of
sl ab-on-grade construction and handicap access. Wthout proper design
earth-sheltered buildings can conpound this problem Not only is the
preparatory ascent mssing, but the ultimate direction is now downward

Often, on sloping sites, a horizontal approach can be easily
accommodated. For e multistory, earth-sheltered building, a horizontal
approach is usually sinple to achieve, especially when all or part of the
top story is above-grade. On flat sites, this condition can be obtained by
designing the building so that the downward path is contained within the
bui | di ng

The expression of the foundation has traditionally served a purpose
simlar to the exterior stair. A foundation allows the building to be
perceived as being special and disassociated fromthe ground. Prenodern
bui | di ngs, especially, delineated a buffer zone between the main floor and
the ground. In nuch nodern architecture, the articulation of the base is
omtted, partly due to the econony of construction and partly due to
prevailing aesthetic theory. The lack of the base delineation, which can be
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a perceptual disadvantage in conventional buildings, is usually critical to
the perception of earth-sheltered buildings. Normally, earth-sheltered
bui | di ngs cannot neet the ground through the transition of a base; instead.
they conprise what was traditionally the base itself. The earth-sheltered
bui I ding, consequently, becones aethestically and psychol ogically associated
with the base and with basements

There are two basic strategies for correcting this condition

First, in a context where coherence with adjacent buildings is not
crucial, the building can be arranged so es to break up the references to
the rectilinear base entirely. Aternate building features which do not
connote a base can be enployed. These associations include pavilions (as
entrances), greenhouses (as skylights), and pitched or shed roofs (as
clerestories). Exterior materials such as glass, netal, and tile can be
used instead of exposed concrete to further develop these inages. Color may
al so be used to advantage. Preferably, the approach would be horizontal and
would termnate et an above-grade entrance feature.

The second strategy involves articulating a traditional facade
This will be particularly effective in an urban context where the expression
of a conventional facade is an appropriate response to existing buildings.
Alternatively, the earth-sheltered building can be |ocated conpletely below
grade with access and nechanical service from an existing building.
Additional required exits and natural |ight can be provided through open
recessed atriunms or courtyards, depending on the site

f. Territoriality. The term "territoriality" refers to the need for
psychol ogi cal |y defined and defensible personal space. The extent to which
a person will physically invade a space is related to the degree to which
territoriality is defined, often subconsciously, by conmmonly understood
conventions. The territoriality of open spaces between buildings is
i nproved by visually defining public, private, and sem-private domains
This involves orienting the buildings and utilizing |andscape features to
avoi d ambi guous residual spaces. In urban environnents, or large mlitary
installations, especially, where multiple housing is involved, good
territorial definition has the practical benefit of reducing crine end
vandal ism and, in the case of housing, fostering pride end voluntary
mai nt enance.

Earth-sheltered buildings which are substantially covered or berned
cannot define exterior space as well as conventional buildings. Further,
lack of fenestretion overlooking exterior spaces inhibits voluntary
surveillance. Geater attention must, therefore, be given to |andscape
design to visually define such spaces. Slight changes in grade elevation,
terraces, changes in planting and ground cover, shrub and tree placenent
and special paving materials at private areas and entrances can provide
effective psychol ogical barriers.

3. EXAWPLES OF RESPONSE TO CONTEXT. The foll owi ng exanples are of

buildings in tenperate climtes. In general, though, the basic principles
illustrated are valid for other climates as well
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FI GURE 2
Contrast to Natural Setting

FI GURE 3
Integration with Natural Setting

a. Earth-Sheltered Building on Woded Site. The site illustrated in
Figure 2 1s partiallTy wooded with a buiTdable open area adjacent to access
roads. Site planning suggests that the perking be located in the open area

with the building located partially in the woods. The building illustrated
in Figure 2 is conceived as a juxtaposition of the man-nmade and natura
environnent. In Figure 3, the building occupies the same location. |p this

case, however, the concept is to avoid the confrontation between building
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FI GURE 4
Submerged Building with Enclosed Atrium

and nature. The formof the building and the planting are nodified to
acconplish this. In addition, the parking area is nore extensively
pl ant ed

b.  Earth-Sheltered Building on Unwooded Suburban Site. The site
illustrated in Figure 4 is adjacent to a highway. The Tend is noderately
flat w thout any exceptional views. The surrounding area is zoned for |ight
industrial and businesses. The earth-sheltered building shown is berned and
covered. To take the place of perineter wndows, a skylighted atriumis
provided. Service access is slightly below grade at the first-floor
elevation et the rear of the building. Mechanical shafts are located to
reinforce the inportance of the main entrance

C. Earth-Sheltered Building on Flat, Qpen Site. The site illustrated
in Figure 5 is surrounded by roads on three sides, with the main road on the
east side of the site. The facility illustrated is a single-story
admi ni stration/warehouse building. The admnistration half of the building
Is earth-covered and is located on the south for passive solar advantage.
Notice that the relationship between the main street, the perking, end the
main entrance is awkward-visually the main entrance seens to be incidenta
to the parking. To correct this situation, the building can be turned so
that the windows face east. This is justified by the relatively
insignificant effect of orientation on solar gain for a large earth-
sheltered building in a tenperate climte. Figure 6 illustrates this
solution. The inportance of the entrance is heightened by a hierarchical
articulation of the facade and the planting and parking |ayout visually
extend the entrance to the street.

d. Approach to Covered Building on Flat Site. The approaches and
entrances to buildings which have few exposed exterior areas nust be
carefully designed with regard to hierarchical and traditional references
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FIGURE 5
Incidental Relationship to Perking

FI GURE 6
H erarchical Relationship to Parking

Figure 7 illustrates a poorly designed approach to a covered single-story
building on a flat site. The traditional references in this exanple have
negative imges. In particular, the sloped concrete retaining walls connote
tunnel or culvert construction. Further, the broad downward sloping ranmp
with the trench drain at the bottomis an image that is customarily
associated with perking garages. The only references to the fact that this
Is a pedestrian entrance are the handrails end the entrance doors

themselves. From the parking lot, however, these clues are visually Iost
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FI GURE 7
Entrance Approach with Poor |mage

In addition to the msleading traditional references, this exanple
| acks a hierarchical sequence of references. The visual inpact of the
parking lot will easily overpower a building with an approach like the one
illustrated. The building entrance, instead, should be perceived as a
goal. As the entrance is approached by the pedestrian, he should encounter
a reassuring sequence of inages

Figures 8 end 9 illustrate alternative entrances to the same
bui | di ng

The building shown in Figure 8 nakes use of traditional
architectural elenents. Between the building and the toe of the sloping
approach walk, an area is reserved as a preparatory space. This has the
same psychol ogi cal function as approach stairs, porticos, or canopies in
traditional architecture. In order to make this landing effective, it is
finished with a paving material that is different from the surrounding
paving. The paving pattern also forns strips across the approach path that
form psychol ogical thresholds. The retaining wall is allowed to step down
in a manner simlar to a side-parapet on traditional stairs. The bottom
half is detailed as a traditional rusticated base by nailing horizonta
strips to the inside of the concrete formwrk. The top half of the
retaining wall is sheathed in masonry, thus establishing a material that is
commonly used above-grade. The incorporation of w ndow openings and a
mullion grid at the entrance reinforces the human reference. Finally, a
symetrical skylight is added over the |obby and main corridor area. In
addition to providing direct and indirect natural light to the interior, the
gable end references a traditional entrance pedinent.

The entrance in Figure 9 acconplishes a simlar result without

conventional use of traditional features. The entrance is recessed beck
fromthe building line in this case. The retaining walls are inflected
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FI GURE 8
Entrance Approach with Inplied Forecourt
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FI GURE 9
Entrance Approach with Literal Forecourt

towards the approach path. This results in a preparatory space that is |ike
an exterior roomor forecourt. In the process, the references to the
traditional base and its association with the ground are suppressed.
Thresholds are formed at both ends of the forecourt by using special-paving
bl ocks. The clerestory bend continues over the entrance, giving the
impression of light end airy construction. The symetrical placenent of the
clerestories with the hip roof identifies the entrance from the vehicul ar
approach and the parking area before the small-scale features come into

view The fresh-air intake ducts serve to visually reinforce the entrance
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FI GURE 10

(bstruction of View on Harbor Site

FI GURE 11
Accommodation of View on Harbor Site

e. Earth-Sheltered Building on Shore Front. Figure 10 illustrates a
two-story, half-bermed building on a site with a view of a harbor end city
skyline. Wth the bermup to the second floor level, only half of the
of fice spaces on the harbor side have a view of the harbor and skyline.

Also, the view is blocked for other buildings across fromthe site. Both of
these problens can be solved by setting the building below grade near the
top of the slope. Figure 11 illustrates this solution. The roof of the
bui I ding serves as an overlook. Though the pavilion entrance occupies a
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smal | portion of the roof, the landscaping and building formate designed to
visually reinforce the entrance. (Qherw se, such a dimnutive entrance
woul d be out of scale with the size of the facility. The facade facing the
har bor accommdates additional required fire exits as well as affording
views of the harbour.

f. Earth-Sheltered Building Below Commons. On sites where other
bui |l dings are arranged around a conmons or quadrangle, it is inportant to
maintain the existing site relationships. |If there is available land around
the commons for a new building, then an above-grade portion of the building
can take its place with the others as a conventional building. A bermed
bui | ding adjacent to the commons woul d not be suitable. Not only would such
a buil ding weaken the definition of the commons area, but the building would
preclude appropriate construction in the future. A totally subnerged
bui I ding could be designed with structural provisions for an above grade
addition. O, a new earth-sheltered building my be used to conplete the
third side of a partially enclosed yard by matching the adjacent buildings.
Any remaining excess bulk of the building could be placed bel ow grade.

Figures 12 and 13 illustrate a simlar site. In this case
however, there is no available land immediately adjacent to the yard. yet
the programcalls for the function housed in the building on the left to be
doubled. The solution shown in Figure 12 is unacceptabl e because the nornal
el evational relationships between the buildings and the yard are upset. The
shal | ow berm and the nechani cal appurtenances all block the view of the base
of the surrounding buildings. The grade elevationis, in effect, raised so
that the approaches and entrances to the existing buildings are awkward. On
any other site, a 5-foot-high wall (1500 nm) or bermm ght be called
unobtrusive, but in this case it is conpletely inconpatible with the
context. Figure 13 shows a nore appropriate solution. The building is
subrer ged bel ow the existing |evel of the yard. The principal pedestrian
and mechani cal access is below grade fromthe, building on the left.

_ Earth-Sheltered Building on Corner Site. The earth-sheltered
building I'llustrated in Figure 14 is on a site once occupi ed by an open
parking lot. There are other existing gaps in the urban structure forned by
such parking lots. The existence of such tenporary gaps, however, does not
justify a bel owgrade building which constitutes a permanent gap in the
coherence of the urban fabric. Totally submerged earth-sheltered buildings
are appropriate only where a permanent open space is allowed by proper site
planning criteria such as the criteria outlined in the first half of this
section and NAVFAC P-960, Installation Design (see Criteria Sources)

Figure 15 illustrates a proper response to the context. This
building is a conventional building with three bel owgrade |evels. The
design benefits the context in the follow ng ways: the setback, second-
floor line, and cornice are coherent with the adjacent buildings; the
capacity of the street as a primary reference is reinforced; specia
identity is inparted to the block by the presence of the new building; and
finally, the Inproved territoriality provides a safer, nore |iveable street.
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Qbstruction of Existing Commons
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FI GURE 13
Preservation of Existing Commons.

1.4-30



-

f

lllllll

N e

FI GQURE 14

Disruption of Street O der

| I ———)

lllll

akas

0

PD:'CD DD

1

1 rr ] iCCOommiioo

{

O 11 1
|

D

FI GQURE 15

Rei nforcement of Street O der
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Section 7. SITE CONDI TIONS AND EARTHWORK

1. SOL CONDITIONS. The problenms of drainage and ground water are normally
increased for an earth-sheltered structure over a conventional building

al though the magnitude of this difference depends heavily on the water table
| ocation, the local topography, and the depth of the proposed building.
Bearing conditions may be inproved or worsened depending on the weight of
any soil cover on the roof and the increase in foundation-bearing capacity
with increasing depth into the ground

Maj or problens with deep excavations usually relate to surface and
subsurface water or soft ground conditions. Inflows to excavation can cause
erosion or quick conditions in soils or loose sands. Soft clays can flow
beneath retaining walls and cause heaving in the bottom of the excavation.
Loss of ground into the excavation or novenment of retaining walls nust be
mnimzed if the foundations of adjacent buildings are to be protected

A geotechnical exploration testing program shall be used to determne
the foll ow ng:

Drainage characteristics or perneability

Water table

Probable variation in water table over annual cycle
Potential volume change upon wetting or drying

Frost heave potentia

Potential re-use of native soil for fill

Foundation bearing capacity

Potential settlenent

Perm ssible construction slopes

Maxi mum per manent sl ope angl es

Erodability

Required site conditions for equi pment access and operation
Potential excavation nethods

Fill and backfill placement and conpaction requirenents
Boundary conditions for ground-water flow analysis if needed
Special construction problenms (especially deep excavations)

2. ROCK CONDITIONS. Several factors can mtigate or balance the extra
expense of excavating in rock. For instance, if excavation in soil requires
tenporary retaining walls, a rock excavation that requires no tenporary
supports becomes nore cost effective. [If the rock is of high enough quality
and fissures do not have significant water flows, the rock can be exposed as
an internal surface of the building, saving the cost of a permanent wall and
waterproofing. (An internal drain is used with this system)

Ceot echnical information required on rock conditions for earth-
shel tered buildings should include

Rock quality eval uation

Bearing capacity

Spacing, attitude, and condition of joints

Changes in rock condition upon exposure (for exanple, shales)
Rippability or potential alternate excavation methods
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* Presence of water in joints or seams of rock
« Potential flows through rock joints or seans
« Controls or prohibitions on blasting

3. GROUND WATER AND DRAI NAGE.

a. Identification of Critical Problems. The follow ng conditions

require careful analysis of the drainage provisions for an earth-sheltered
bui | di ng

(1) Sunken Courtyards. Buildings using sunken courtyards bel ow
the surrounding ground |evel nust be designed so that water entering the
courtyard is collected and punped to a storm sewer or to the surface

Sunken courtyards should not be used where there is a danger of surface
f1 oodi ng.

(2) Drainage Qullies. Buildings should not be constructed across
surface or subsurface drainage paths without adequate provision for drainage
to prevent a build-up of water on the upstream face of the building

(3) Lowering Water Tables. Buildings extending below the water
table should only be designed to be drained if the pernmeability of the
surrounding soil is low enough to restrict the quantities of water to be
punped to a reasonable level. Back-up punps or a blowout panel should be
incorporated to protect the structure.

(4) Provision of Free-Draining Backfill. If the natural soil on
the site will not freely drain, then the necessity of providing a drainage
material adjacent to the wall nust be considered even in conditions wthout
a water table. Sand or gravel are usually recommended for backfilling when
avail abl e because they are easy to conpact, provide good drainage, and will
exert lower |ateral pressures (when drained) than other soils.

However, if such free-draining material is surrounded by
poorly draining soils to the extent that a natural sunp would be forned,
then the capacity of the perineter drainage systemwll have to be
increased. Figure 16 illustrates a recomended alternative to nerely
increasing the perineter drainage capacity at the footings

b. Surface Drainage Techniques. Surface drainage techniques involve
contouring the land to divert water away from the building. This wll aid
in both surface and subsurface water control. Surface drainage requirenments
include the follow ng:

« The ground surface should have a slope 2 percent or greater
away from the building.

« Soil erosion nust be avoi ded.

« Water flow should be distributed evenly along the remainder of
the site where possible. This increases infiltration and
reduces run off and erosion.

o Earth berns steeper than 3 (horizontal) to 1 (vertical) should
be avoi ded.

* Swal es can be used to slow surface water runoff on long steep
sl opes.

1.4-33



SCX SOOI XX

Y .
YL

Gravel

Perforated drain (wrap in fiter mat)

Clay

Sand and gravel

_____—Perforated drain (wrap in fifer maQ)

FI GURE 16
Backfilling Around Structure in Cay Zone

Runof f shoul d not be concentrated onto erodabl e sl opes.
Junctions between snooth-surfaced walls and earth berns or
banks which are particularly susceptible to erosion nust be
designed for durability.

G avel cut-off trenches can trap mnor surface water flows.
Drai nage channels should be designed to handle the anticipated
peak flows w thout erosion.

For additional requirenents refer to NAVFAC DM 5. 11, Soi
Conservati on.

. Subsurface Drainage. The function of subsurface drainage around an
earth-sheltered building is to drain water which penetrates the soil cover
over and around the building and to keep any permanent ground-water
conditions from affecting the building.

(1) Roof Drainage. An earth-covered roof nust include a drainage
layer to allow the water entering the soil layer to nove Iateralky to the
edge of the building or to another drain point. Soil above the drain |ayer
shoul d be capable of holding sufficient nmoisture for plant survival. A
filter mat is necessary to prevent clogging of the drainage |ayer.

(2) Wall Drainage. If a granular material is used for wall
backfill it should extend beyond a 30 degree angle from the base of the wal
to allow the soil pressures appropriate for the backfill to be used (see
Figure 16). If a granular backfill is not readily available, a smaller

quantity can be used with a perineter drain tile and a proprietary wal
drainage mat as shown in Figure 17.

If significant quantities of water are expected to drain from
the roof drainage layer to the wall drainage |ayer, a drainage pipe should
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Drainage at Footing
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FI GURE 18
Drai nage at Roof Edge

be installed at the top of the wall as shown in Figure 18. This reduces

water pressure on the walls. Further, the thermal performance of the
building will be inproved by drier backfill.

(3) Floor Drainage. In designs above the water table; the floor
Is not usually waterproofed but a drainage |ayer is incorporated to halt
capillary rise in the soil and to drain any tenporary pressures caused by
heavy rains. Connection should be provided between this drainage |ayer and
the perimeter drain tile. This can be acconplished by a separate drain-tile
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system beneath the floor (for large buildings) or by casting small pipes
through the foundation at intervals of 3 to 4 feet (914 to 1219 mj to
provi de a connection to the exterior drain system Exterior drain tiles
shoul d al ways be below the floor |evel of the building.

(4) Drainage Pipes. Drainage pipes should be designed for the
life of the building. They nust resist the soil pressure and degradation in
the soil environment. The mninmum dianeter should be 4 inches (100 mmj.

Al drain tile for permanent buildings should be protected by filter fabrics
or by an appropriately designed soil filter system Filter fabrics are
preferred for reasons of sinplicity and quality control. Provision for an
occasional clean-out of the drainage system should also be made. M ninum
slopes for a drain tile should be 1 inch in 20 feet (25 nmin 6097 )

except in small buildings where they may be laid horizontally. Vermin
protection nust be provided.

(5) Filters. Al drainage layers or drain tile nust be protected
fromclogging by fine particles fromthe adjacent soil material. Ceotextile
fabrics are nowin wide use for filtration and drai nage. Requirements for
geotextile fabrics to be used in filtration/drainage applications are

(a) The fabric nust be (and renain) nore perneable than the
adj acent soil.

(b) The fabric must prevent piping of the adjacent soil

(c) The fabric must have enough physical strength, puncture
resistance, and abrasion resistance to survive placenent and provide
adequate in-service performance.

See Reference 6, Use of Engineering Fabrics in Transportation-
Rel ated Applications by Haliburton.

(6) CQut-and-Fill Quantities. It is generally desirable to
mnimze the amunt of soil that nust be hauled away from the site since
this is an expensive itemif the haul distances are more than 1 to 2 niles
(1.61 to 3.22 knmj. \Wen appropriate conditions exist, the construction cost
for earth-sheltered buildings can be mnimzed by setting the foundation
el evation of the building such that the quantities of fill needed for the
bernms and earth cover are equal to the quantity of soil excavated from the

| ower portions of the building. This balancing presupposes the follow ng
conditions:

« The site is large enough to store the excavated materia
before its final replacenent.

« The excavated material is suitable for backfill (and earth
cover, if used).

Qut and fills are nost easily balanced on sloping sites
Buildings of large area extent on flat sites will not have bal anced cut-and-
fill quantities unless they are kept very shallow and bermed extensively
Where berming is not possible on flat sites due to lack of site area it wll
not usually be possible to develop an earth-sheltered design wthout net
excavation and hauling
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4, EXCAVATION, STABILITY, AND DEWATERING Details of excavation stability
dewat ering procedures, and seepage and drai nage anal ysis are contained in
NAVFAC DM 7 Series, Soil Mechanics, Foundations, and Earth Structures.
Tenporary or permanent dewatering nust include an analysis of the effect of
dewatering on the settlement or stability of any adjacent noisture-sensitive
soil materials. Earth berns or final grading surrounding earth-sheltered
bui | dings should be |andscaped as soon as practicable to prevent erosion.

5. BACKFILLING AND COWPACTION. Al fill placed under or adjacent to
earth-sheltered buildings should be adequately conpacted. Insufficient
conpaction can cause settlenent of the backfill. Settlement of wal
backfill causes drag forces on the insulation and waterproofing and can
alter surface drainage patterns, trapping water adjacent to the building.
Backfilling must be carried out carefully to avoid damage to the buil ding
insulation and waterproofing. Large equi pment should not be allowed on a
bui | ding roof or adjacent to the walls unless the structure is adequately

designed for this. Bulldozing earth fill across the roof of an
earth-sheltered building should not be permtted since this can shift
previously installed insulation and waterproofing. Backfill should not be

concentrated in one spot on the roof before grading since this represents a
nmore severe design loading condition than the uniform | oad.

Freedraining granular soil backfills cannot only significantly |ower
| ateral pressures, but can also divert water fromthe structure. It is
recommended that the soil used for backfilling side walls be conpacted to 90
percent of the maxi mum density as determ ned by ASTM{ D1557. The soil shoul d
be conpacted only enough to ensure that no major settlenents occur.
Overconpaction of the soil around the side walls can induce additiona
lateral pressure on the walls. The backfill should be placed and conpacted
in 8inch (200-nmm lifts. Conpaction requirenents, nethods, and equi pnent
are given in NAVFAC DM 7 Seri es.

Fill required beneath floor slabs should have a | ow plasticity index
(below 13), a lowliquid limt (below 36) and shoul d be conpacted-to a dry
density of at least 95 percent of the maximumdry density as determ ned by
ASTM D1557.  Conpaction of this fill should be acconplished by placing the
fill in 6- to 8-inch (150 to 200-mm thick lifts. Soil placed on the roof
shoul d be only noderately conpacted. Vegetation on the roof will play an
important role in how the soil wll behave over tine.

6. EARTH COVERED ROOFS. Earth-covered roofs have uni que properties which
offer energy benefits. The large thermal mass associated with earth-covered
roofs not only serves to danpen the continuous fluctuations in the externa
air tenperature, but also has the capability to reflect the sumrer sun.

Radi ant heat gains are also countered by latent energy |osses due to

evapot ranspiration.

Based on conputer sinulation, earth-covered roofs are nore than capable
of countering radiant heat gains gsolar) if plant cover is provided and Vel |
irrigated. In fact, in northern (M nneapolis) and southern climates
(Jacksonvill e and Phoeni x), earth-covered roofs can provide net cooling
benefits during the cooling season; nore heat is lost fromthe roof than is
gained. These benefits are significant, but typically will represent |ess
than 1 percent of the total building cooling load (comrercial buildings).
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The inportant distinction to be nade here is that an earth-covered roof may

provide cooling benefits instead of adding to the building’s total cooling
| oad, as a conventional roof would.

During the heating season, an earth-covered roof’s annual energy
performance will be simlar to that of a well-insulated conventional roof.
The difference in energy performance is directly dependent on the depth of
earth cover, and the amount of insulation applied to the conventional roof
Wnter peak design |oads of the two roof types will be simlar unless |arge
amounts of earth cover are applied to the roof (over 12 inches (300 myj).
It is difficult to justify analyzing an earth-covered roof with snall
amounts of earth cover (6 inches (150 mm)) on a transient basis, since a
roof of this type will nearly reach steady-state heat |oss conditions over
periods when cold fronts exist for days or weeks at a tine. Earth-covered
roofs with large amounts of earth cover should be analyzed by considering
the thermal mass when determining the peak heating |oads of the roof
conponent .

If extremely accurate thermal performance data is required, hour-by-hour
conputer simulations nust be carried out to predict the peak and annua
energy performance of the roof conponent (heating and cooling).
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Section 8. PLANTING AND |RRI GATION DESI GN

Range of average annual
minimum temperature

Zone 1 Below -50°F
Zone 2 -50° to ~-40°F
Zone 3 -40° to -3C°F
Zone 4 -30° to -20°F
Zone 5 -20° to -10°F
Zone6 -10°t0 O°F
Zone 7 0°to 10°F
Zone 8 10°to 20°F
Zone9 20°to 30°F
Zone 10 30° to 40°F

C=5/9 CF-32)

FI GURE 19
Cimatic Map for Plant Hardiness

1. PLANT MATERIALS SELECTION AND LAYQUT. The following criteria should be
identified for each species considered in a planting design.

a. Suitability to Climate. Table 1 contains a partial list of species
based on the climatic zones shown in Figure 19. These species are suitable
for bermroof-top planting. There are, of course, many nore species
suitable for use than can be documented here. The | andscape designer should
research the species native to the project's specific climtic zone

b. Adaptability to Berm Slopes. For the purposes of noisture
protection and the reduction of soil pressure, nost berns are constructed of
materials that drain rapidly. Species of plants selected for use on berns
shoul d be those that can tolerate long periods of drought and rapid
fluctuations fromwet to dry conditions. Species that have extensive root
systenms to hold and maintain slopes should also be of primary consideration.

C. Adaptability to Limted Soil Depths. Due to the structural costs
required to carry even noderate soil depths on roofs, plant selection for
roofs should be limted to species that are capable of surviving on a
limted soil depth. To assist noisture protection of the building, the soi
and drainage layer construction is usually designed to provide rapid
drainage. These conditions result in extreme fluctuations of soil noisture
content. During dry spells, plants that devel op extensive root systems will
seek moisture near the building' s waterproofing nenbrane. To avoid damage
to the waterproofing, select species with |less aggressive root systens.
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TABLE 1

Plant Species by Oimate (Continued on Page 41)
: 3 £
.ag§§§§gg§cmm2m
PLANT NAME glalS|a p£§§1 2[afa|s]6|7]8]9 0]
Ampelopsis
Blueberry Climber i
Ampelopsis Cordata
Heart-Leof Ampelopsis

Compsis Radicans
Common Trumpet Creeper

Evonymus Fortunei
Big<_eaf Winter Creeper

Hedera
vy

Hydrangea Anomata
Climbing Hydrangea

Loniceria Japonica
Japanese Honeysuckle

Par thenocissus Tricuspidata
Boston lvy

Par thenocissus Guinquefolia
Virginia Creeper

Polygonum Anbertii
Silver Lace Vine

Vinca Minor
Dwarf Periwinkle

Ajuga Reptans
Ajuga

Anthemis Nobilis
Chamomiie

Arctostophylos Uva-ursi
Bearberry, Kinnikinnick

Cerastium Tomentosum
Snow-in-Summer

Cotoneaster Dommeri
Bearberry Cotoneaster

Cotoneaster Horizontalis
Rock Cotoneaster

Evonymus Fortunei Radicans
Common Winter Creeper

Gaultheria Procumbens
Wintergreen, Checkerberry

Hedera Helix
English lvy

Hedera Helix 'Baltica’
Baltic Ivy

Hypericum Calycinum
Aaron's Beard

lberis Sempervirens
Evergreen Candytuft

Juniperus 'Bar Harbor!
Bar Harbor Juniper

Juniperus Chinesis Sargentii
Sargent Juniper

Juniperus Conferta
Shore Juniper

Juniperus Horizontalis
Creeping Juniper and varieties

Juniperus ‘Plumosa’
Andorra Juniper

Juniperus Sabina Tamariscifoiia
Tam Juniper

Lonicera Japonica Halliana
Hail's Honeysuckie

Pachysandra Terminalis
Pachysandra

Phiox Subvlata
Moss Pink
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Plant Species by Cimate (Continued from page 40)

TABLE 1

PLANT NAME

Dec

Vinca Minor
Dwarf Periwinkle

Amelonchier
Serviceberry/Juneberry

& Ground Cover

Amorpha Canescens
Lead Plont

Bermed Area

Flowering

Trees

Artemesio

Afripiex Conescens
Four-winged Saitbrush

Chrysothomnus
Rabbit Bush

Comptornic Peregrina
Sweet Fern

Cornus Baileyi
Bailey Dogwood

Cornus Mas
Corneliancberry Dogwood

Cornus Racemosa
Gray Dogwood

Cornwus Stolenifera
Redosier Dogwood

Cornus Stolenifera Floviramea
Redasier Flaviramea Dogwood

Epigaea Repens
Mayflower

Gaultheria Shallum
Salal

Gaylussacio
Huckleberry

Homamelis
Witchhazel

liex
Holly, Ddhoon

Common Junipers

Leiophylium Buxifolium
Box Sandmyrtile

Lyonioc Mariona
Stoggerbush Lyonia

Myrica Pennsyivanica
Northern Barberry

Picea

Spruce

Pirus
Pine

Prunus
Western Sandcherry

Riws

Sumac
Rubus Odoratus
Flowering Raspberry

Sheperdio
Buffaloberry

Symproriaarpos Albus
Common Snowberry

Vaccinium
Blveberry

Acer Ginnala
Amur Maple

Acer
Box Eider

Climatic Zone

Rooftop Planting

1]23jalslel7 (8]0 10
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Pl ant

Speci es

by

TABLE 1

Cimte (Continued from page 41)

Deciduous

Evergreen

Vines
Ground Cover

PLANT NAME

Bermed Area

Shrubs
Trees

Betula Davurica
Dohurian Birch

Betula Populifolia
Gray Birch

Broussorietia Papyrifera
Paper Mulberry

Celtis Occidentalis
Haclkberry

Cornus Alternitolia
Pagoda Dogwood

Cupressus Macrocarpo
Monterey Cypress

Elasagrus Angustifolia
Russian Olive

Eucalyptus
Eucalyptus

Ficus Carica
Fig

Fraxirus Pennsyivanico Lanceolata
Green Ash

Ginko Biloba °
Ginko

Gleditsia Triaconthos
Honey Locust

Gymnoclodus Dioicus
Kentucky Coffee Tree

Leptospermum Loevigatum
Australian Tea Tree

Maclura Pomifera
range

Melaleuca Leucadenara
Cajeput Tree

Olea Evropoea
Ci 1 Olive

Ostrya Virginiana
Irorwood

Pheliodendron Am
Amur Corktree
Pinus Banksiana
Jack Pine

Pinus Carariensis
Canary Pine

Pinus Torreyana
Torrey Pine

Pirws Virginitno
Virginia Pine

Populus Alba
White Poplar

Populus Fremontii
Fremont Poplar

Populus Tremulodies
Quaking Aspen

Quercus Kelloggii
Califomia Black Oak

Quercus Marilandica
Black-Jack Oak

Quercus Prinus
Chestrut Oak

Robinia Pseudoacacia
Black Locust

Ulnmws Siberica
Siberian Eim

Climatic Zone

Rooftop Planting

10
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d. Ease of Establishment and Mintenance. Reduced operating costs and
protection of the waterproofing are best obtained by the establishment of
healthy plants that require little or no maintenance. Cutting, digging, or
the operation of nmaintenance machinery can danage the waterproofing at
bui | ding edges or roof openings, especially when roof-top soil layers are
thin. The need for permanent establishnment of the initial planting without
reworking is essential

e. Functional Considerations. Certain functional considerations can
be enhanced or acconplished by the proper selection and |ayout of planting
materials for earth-sheltered buildings.

Species that form dense, tightly packed nasses or appear to bear
thorns can be an effective security barrier. Such species may be used in
place of guardrails and fences at retaining walls, parapets, roof openings,
mechani cal equipment, and skylights to provide safety barriers as well as
protection from accidental or intentional damage

Proper selection of plant materials can have a significant inpact
on reduction of mechanical cooling loads within the structure by shading
roof top soils and by holding noisture over |onger periods of time.  Shading
reduces solar gain and noisture retention pronotes evaporative cooling
Shading can also be useful in reducing heat gain through w ndows or
skylights. Deciduous plants wll acconplish this w thout blocking
beneficial solar gain in winter. Proper plant selection can also contro
wind novenent in and around buildings. Plants can serve as buffers to
reduce the direct wind velocity at the building, thereby reducing convective
and infiltrative losses. Wnd breaks will also limt plant desiccation that
can drain soil noisture and damage the health and growth of the plants

The proper selection of plant materials can inpact the installation
image. A carefully designed native association can assist the building in
blending with the surrounding |andscape when integration with the natura
environment is required. Screening with plant materials can be effective in
reducing the visual presence of the building, parking areas, or on-grade
mechanical or electrical equipnent. On the other hand, planting may be used
to visually reinforce the building entrance. In urban contexts, appropriate
planting design may call for geonmetric or formal patterns

2. | RRIGATION SYSTEMS. Because roof-top and berm drainage systems are
general ly designed to carry noisture away from the building, extrenely
droughty conditions can arise which may test the hardiness of even the nost
suitable plant selections. There are three basic options for irrigation:
manual , spray heads, or trickle systens.

a. Manual . The use of manual irrigation in these situations should be
restricted installations of nodest or small size which can be reliably
observed and maintained. Consideration should be given first to the
selection of plant materials that require the |east amount of irrigation.

For instance, durable shrub species that shade the soil and help hold

moi sture will survive better than turf. These species should be capable of
tolerating extremes of flooding or drought. The layout of available hose
bi bbs should be closely coordinated with the probable equipnent available
for providing the manual irrigation so that no area of planting is
inaccessible. Mnual irrigation should also be linted to installations
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where inadvertent over-irrigation will not endanger the construction due to
hydrostatic pressure.

b. Spray Heads. The standard nethod of laying irrigation lines with
appropriately spaced spray heads is the nost desirable from the point of
view of maintaining plant materials. Spray-head application sinulates
actual rain conditions, thereby washing away unwanted dust or pollutants and
protecting the plants from desiccation. An autonatic spray-head
installation will reduce the danger of over-irrigation, although,

m scal cul ation of the rate of flow can result in extensive mneral |eaching
or erosion on sl opes.

. Trickle Systems. Trickle systenms are a unique conpronise for
providing appropriate soil moisture. The systens thenselves are [ower in
cost and require a lower water pressure for operation. Normally, a
di spensing head is located at each significant plant to provide a slow
trickle of water for keeping the soil nmoist. The systemis tine clock
controlled and is normally installed just beneath a 3- to 4-inch (75-mmto
100-m) nulch layer, or just under the top of the soil. Providing noisture
with a trickle system reduces soil leaching, elimnates streaking or water
spotting on windows that may be caused by spray heads and reduces the chance
of extensive over-irrigation due to the smaller volunmes of water distributed
over time. These advantages nust be balanced with the negative effect of
not being able to wash the plant materials of dust or pollutant materials
In areas with average or significant rainfall, however, plant washing by the
irrigation system should not be necessary.

3. INSTALLATION. Some of the nost inportant considerations in the

| andscapi ng of earth-sheltered structures are the design and installation of
drainage |layers and the placenment of plants

a. Application on Roofs. The design of soil layers and installation
of plants on roof-top situations is a conplicated and sensitive process
whi ch should take into account all of the follow ng considerations

(1) Structural Integrity. Table 2 indicates general weights of
commonly used naterials in roof-top planting situations. In the
conceptual i zati on of |andscape design, the landscape architect should work
carefully with the building structural engineer to provide the necessary
structural capacity and to ensure proper location and distribution of
weights. It is critical to remenber that the installation process nust be
acconpl i shed by hand, since most road vehicles and heavy machinery wll
exceed the efficient design loads for an underground structure. It is
advant ageous that the |andscape design in sone way prohibit the future
i nadvertent wandering of large vehicles or maintenance equipnent onto a
structural roof deck that is not designed to carry their |oad.

(2) Protection of Waterproofing. For any underground structure,
the protection of the integrity of the waterproofing is critical. The
| ayered drainage and soil installation should include layers that prevent
the long-term accunulation of standing water and potential damage from plant
roots. Care nust be taken to protect the waterproofing, especially at
parapets or around roof openings. Staking nethods for l|arge shrubs and
trees should be such that it is inpossible for the stakes to damage the
wat er proof i ng.
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TABLE 2

Weight
180 Ibs (80 kg)
260 Ibs (120 kg)
340 Ibs (150 kg)
560 Ibs (250 kg)
880 Ibs (400 kg)
1100 Ibs (500 kg)
1500 Ibs (680 kg)
2000 Ibs (910 kg)
2600 Ibs(1180 kg)
3100 Ibs (1400 kg)
3800 Ibs (1720 kg)

Wi ghts of Planting Materials
TREES
Ball Size Caliper
20 in. (508 mm) 3/4-1in. (19-25 mm)
22 in. (559 mm) 1-3/4 in. (44 mm)
24 in. (610 mm) 2 in. (51 mm)
28 in. (711 mm) 2-1/2 in. (64 mm)
32 in. (813 mm) 3 in. (76 mm)
38 in. (965 mm) 3-1/2 in. (89 mm)
42 in. (1067 mm) 4 in. (102 mm)
48 in. (1219 mm) 4-1/2 in. (114 mm)
54 in. (1372 mm) 5in. (127 mm)
60 in. (1524 mm) 5-1/2 in. (140 mm)
68 in. (1727 mm) 6- 7 in. (152- 178 mm)
SHRUBS
Ball Size

Ht/Spread
18-24 in (457-610 mm) Evergreen

60-70 lbs (27-32 kg)

18 in. (457 mm) Evergreen
Deciduous 18 ft.

18-24 in. (457-610 mm)

2 ft. height (610 mm)
3 ft. height (914 mm)

SOILS MIXTURES AND MATERIALS

Weight

24 in. spread (610 mm)

18 in. spread (457 mm) 50-60 Ibs (20-27 kg)
60-70 Ibs (27-32 kg)
70-90 Ibs (32-40 kg)

Material by Volume Ibs/ft’
Clay Soil 75
Sand 92
Peat, semi dry 4-13
Perlite 5-8
Vermiculite 4
Baked clay particles 37

1/3 soil, 1/3 sand, 1/3 peat 55-67
1/2 peat, 1/2 sand 52

1/2 peat, 1/2 perlite 10

1/3 soil, 1/3 perlite, 1/3 peat 37
Loam (Dry) 7590
Compact Peat Moss 15-18
Loose Peat Moss 3-5
Dry Sand 95-110
Wet Sand 120-130
Wet Clay 105-120
Dry Clay 90-110
Granite 170
Gravel 120-135
Dry-Loose Loam 90-100
Wet Silt 130-145

Note: These are initial weights.

(kg/m?)
(1200)
(1472)
(64-192)
(80-128)
(64)

((592)
(880-1072)
(832)

(160)

(592)
(12,1440)
(240-288)
(48-80)
(1520-1760)
(1920-2080)
(1680-1920)
(1440-1760)
(2720)
(1920-2160)
(1440-1600)
(2080-2320)

Use full grown weight for structural design.
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(3) Soil Layers. The rigid insulation assists in protecting the
menbrane. A pol yethyl ene | ayer over the insulation is reconmrended to
I nprove drainage and prevent noisture saturation which may reduce therma
resistance. |If concrete is used over the waterproofing (such as at
planters), the waterproofing must be covered conpletely with protection
board first. The primary drainage |ayer should be conmposed of pea gravel
A filter fabric over the drainage |ayer controls some |eaching of materials
fromthe planting soil layer and also prevents invasion of plant roots

As a rule of thunb, soil depth for shrubs and trees should be 1
foot (300 mm plus roothall depth. Soil depth for [awn and ground cover
should be 1.5 feet (450 mm), or 1 foot (300 mm) if irrigated

(4) Containers. The container and its location must be
coordinated with the structural engineer. Special soil mxtures which
reduce the soil weight are often inconpatible with the plant's natural soi
requirenents. Experience has shown that such mxes reduce the growh rate
of the plant and result in more rapid leaching of mnerals in the highly
irrigated environment of a container. If lightweight soil mx nust be used
it should be formulated by a soil and plant lab. In cold clinates, it is
absol utely necessary to provide rigid insulation between the soil in the
container and the container wall to prevent soil tenperatures from dropping
bel ow the point of tolerance devel oped by native plants growing in a norma
ground environnent.

h. Application on Berms. Mst planting installations for berns are
simlar to conventional installations on slopes with the exception that
berms along building walls are generally fornulated for more rapid drainage
and have a snaller mass for holding noisture due to the close proximty of
the building wall.

(1) Plant Placement. In establishing plant |ayouts on sloping
conditions, the designer nust calculate the appropriate spacing based on the
actual dinension of the slope rather than the horizontal projection of the
slope onto a plan. Detailing should also indicate how shrubs and trees are
to be installed and staked so that their growth habit is in appropriate
alignment to grade, rather than angled in an unnatural way. Plant |ayouts
must also take into account the danger of placing hand-excavated holes too
close to the top of the bermat the building wall. This increases the
chance of inadvertently damaging the waterproofing

(2) Erosion Control and Establishnent. In establishing plantings
on slopes of greater than 4.1 by seeding or transplantation, one nust use
proper erosion control during construction and early-growth periods. A
variety of erosion control mats are commercially available, the strawfabric
mat being the nost conmon and inexpensive. Strawfabric mats will hold the
soil in place and help preserve noisture while the plants are becom ng
established, but wll gradually deteriorate and di sappear over tine
Wood-chip or rock mulch will not remain on the slope during erosive rains
Plant type and spacing should be selected so as to fill in rapidly wthout
the need for rock or wood-chip mulch. Misture holding can be enhanced by
the application of additional |oose straw mulch or hydro-sprayed systens.
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(3) Sod Placenment. Sod intended for nmowi ng should not be placed
on slopes greater than 3:1 due to the inability of large nmowi ng machines to
operate at that angle. Sod on slopes of 2-1/2:1 or greater runs the risk of
novenent or sliding in extrenely wet conditions. On slopes between 4:1 and
3:1, sod should be laid perpendicularly to the slope fromthe |owest point
and noving uphill. Joints should be staggered to avoid erosion during
irrigation or rain. Ends of sod strips should be pegged. Pegs should be
| ocated at each upper corner and in the center of a sod strip. A ways drive
pegs vertically, not perpendicularly, to the slope

4. MAINTENANCE. Early and careful maintenance of a planting installation
on bernms or slopes is necessary for proper establishnent and reduced future
mai nt enance.

a.  \Weding. During the first few seasons of establishment for berm or
roof-top planting installations, regular weeding is necessary. Weding
shoul d be done by trained personnel who can distinguish the plants to remain
fromthe plants that should be renoved. The designer should verify that the
wat erproofing selected is not susceptible to damage from chem cal herbicides
or fertilizers.

b. Mw ng. Due to the tendency of berm and roof conditions to becone
droughty situations, now ng should be mnimzed to assist in the
preservation of soil moisture and turf durability. The option of allowng
certain areas to grow w thout nmowi ng should be considered, as it will do the
nmost to enhance the growi ng environnent of the grasses. Heavy now ng
equi pment cannot be used on roofs unless the structure is designed to
acconmodat e such loads. Consideration should be given to the availability
of hand-mowers on the roof-top to mnimze undesirable passages through the
building interior.

. Irrigation. Although the nost effective use of irrigation to
pronote plant establishnent is to provide water on a time-clock controlled
basis, it is advisable to provide a system of manual override to prevent
irrigation when natural rainfall has already saturated the soil and to
provide for additional irrigation during extrenely droughty conditions
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Section 9. SPACE PLANNING AND PROGRAMM NG

1. ACCESS. One of the major problens in the siting and site planning of
earth-sheltered facilities is the need to provide adequate and efficient
access to the building. This usually conflicts with the goal of maintaining
a maxi num amount of earth-contact. A large nunber of access points my
reduce the amount of earth-sheltering and often requires retaining walls at
berned areas.

In climtes which have snow and ice, ranps used for pedestrian access
and exiting that have a gradient exceeding 5 percent should be provided with
a system for protection from snow and ice

Consi deration should be given in design to the maintenance of depressed
entrance areas-especially snow renoval (where required). Space for
stockpiling snow should be provided within the depressed area when
feasible. To avoid expensive hand |abor for cleaning paved areas, access by
snowrenoval equi pment shoul d be considered

Access for vehicles, including warehouse docking facilities, can be
difficult to design in an earth-sheltered building. Service and vehicul ar
access functions, which are frequently the least attractive, will be anmong
the nost prominent. Some or all of the follow ng vehicular access functions
may have to be accommodated, both in terns of appearance and site
engi neering.

A neans of removing and servicing mechanical equi pment nust be
provided. If possible, this access point should be grouped with storage and
material -handling functions away from pedestrian entrances. However, to
maximze the utility of exposed wall areas, the designer should consider the
possibility of locating a required fire exit here, rather than opening up
another wall area. In this case, special provisions may be necessary to
keep the exit path unobstructed

Ref use col | ection and outdoor storage areas should be | ocated away from
primary entrances. Depressed storage areas with retaining walls on three
sides should be considered as a strategy for concealing the area as well as
mai ntaining a maxi num of earth-contact against the building.

If the topography of the site is relatively flat, the elevation of the
| oadi ng berths places an additional restriction on how |ow a building can be
sited before special provisions are required to handle surface drainage. In
addition, greatly depressed |oading berths may require inefficient and
expensive ranps or runout areas to reach the elevation of an existing road
Because the practical gradients for truck ranping are low, the necessary
runout |length may not be possible within the available area of the site
The alternative of loading at a nmezzanine level may be too inefficient.

Intake air louvers should not be |located near service drives or other
areas having exhaust fumes

Al owance nust be made for unobtrusive |ocations for neters, junction

boxes, fire hydrants, and so forth. These should be specified and not |eft
to the discretion of installers.
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2.  FIRE-FIGHTING ACCESS. An automatic fire-extinguishing system nay have
to be provided (see Section 12, Fire Protection and Life-Safety and NAVFAC
DM 8, Fire Protection Engineering).

3. TRAVEL DI STANCES AND EXITS. In order to maximze earth-contact, it is
desirable to nininize the nunber of entrances. Retaining walls may be used
at access locations to maxinize earth-contact, however, retaining walls can
be costly. It is therefore desirable to plan the building so that the
nunber of access points is kept to a mninum Refer to NAVFAC DM 8 for
requirenents for travel distances and exits.

4, MECHANICAL ZONING  The location of functions having different areas and
different HVAC requirenents will affect the energy savings attributable to
earth-contact. Large undivided floor areas placed on exterior
earth-sheltered walls will allow a greater volume of the building to
interact with the exterior walls. The overall anmounts of energy saved will
usual Iy be inproved if the functions having |arger energy demands are

| ocated on the perinmeter. An open-plan arrangenent for the perineter areas
my be a workable alternative to relocating functions. On a berned exterior
wal | having fenestration, l|ocating open-plan areas on the perineter will

al so has the advantage of distributing natural light to a greater portion of
the buil di ng.

5. STRUCTURAL BAY WTH EARTH COVER. (One of the consequences of placing
earth on the roof is the additional structural cost. Structural costs can
be reduced in some instances by either enploying a different structura
system such as barrel vaults, or by reducing the bay sizes (see Chapter 6,
Structural). Oten the bay size can be reduced w thout conpronising the
functioning of the building. For instance, in warehouses where colum Iines
are located in the space between back-to-back palletized storage racks, the
nunber of colums can be increased without interfering with the storage

| ayout .

6. OPTIM ZATI ON OF EARTH CONTACT. In nost instances, earth-contact wl |
yield greater energy savings than construction which is exposed to the

weat her.  Possible exceptions to this include small buildings or perineter
zones that could otherw se take advantage of either passive solar gain or
passive cooling by ventilation. Appendix A provides tables for
determnation of belowgrade heat flux as a function of climte, soil type
insulation, and depth below grade. Construction costs and planning
considerations will normally prevail over any attenpt to optimze the
bui | di ng shape for thernmal performance. However, the follow ng observations
will serve as a conceptual guide

a. Earth-Sheltered Building Wth Positive Year-Round Heat Flux. In
cold climates, large buildings with normal internal gains nearly always
experience a positive heat flow (fromthe building interior to the earth

mass). In these buildings energy efficiency is inproved by mnimzing the
perimeter wall area and by nmaximzing the average distance to the ground
surface. Insulation placement should be separately optim zed
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Buildings with large internal gains, however, can often be
optimzed by increasing the earth-contact area. Such buildings in cold and
in noderate climtes have predom nant cooling |oads even in wnter.

H gh-internal -gain functions placed on the perimeter will experience a
year-round cooling benefit. An increased floor-slab area will also
contribute to cooling in this case

b. Earth-Sheltered Buildings with Negative Year-Round Heat Fl ux
Earth-sheltered buildings in very hot climtes, especially those with large
internal heat loads, will have little or no heating requirenents. In this
case, the building may experience heat gain from the surrounding soil
especially at shallow depths in summer nonths. Such buildings tend to be
optimzed by mnimzing the building wall area and placing the building at a
depth near the constant deep-ground tenperature. However, in southern

climtes, earth-sheltering tends to act nore as a buffer to the climte than
as a positive cooling benefit. Cooling derived from earth-contact surfaces

in southern climtes tends to be insignificant.

C. Earth-Sheltered Buildings with Both Heating and Cooling Benefits
The majority of earth-sheltered buildings, in particular those in tenperate
climtes, wll benefit in both heating and cooling. In general, the goal is
to get ground tenperatures to offset the direction of seasonal heat flow
G ound tenperatures warmed during the cooling season, in which there was a
high thermostat setting, will release the stored heat during the heating
node when the thernostat setting is lower. Simlarly, the [owered ground
tenperatures in the heating node increase the heat sink capacity of the
earth in the cooling node. The extent to which earth contact offsets both
negative and positive heat flux and the depths at which this is maxim zed
nmust be estimated using the criteria provided in Section 18

The question of wall area at these depths is answered by conparing
the net energy usages of perimeter zones and internal zones which are
otherwise identical. [If the earth-contact perineter zones use less tota
energy than the interior zones, then the building configuration can be
optimzed (in ternms of energy savings) by reducing the nunber of interior
zones and increasing the nunber of exterior zones. This would inply a
configuration with maxinmum wall area at the predeternined depth. [f, on the
other hand, the internal zones have a better total-energy performance than
the earth-contact exterior zones, the optimum configuration would be square
in plan.

Caution nust be exercised, however, when increasing the earth-
contact surface area. The construction costs for additional wall areas can
exceed the life-cycle energy savings to be derived fromthe reduced interna
zones and increased earth-contact area

7. NATURAL LIGHT AND VIEWS.  The requirement for natural light in small
earth-sheltered buildings is not as problematic as for [arge earth-sheltered
buildings. In small burldings, natural light, views, and passive solar can
wor k to%ether to serve a significant portion of the building. Large
earth-sheltered buildings, on the other hand, must often resort to
clerestories and atriums to make the building nmore habitable. The

di sadvantages tend to include both increased initial cost and higher energy
| oads.
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In large earth-sheltered buildings, windows will normally represent a
relatively small portion of the building envelope. Wndow orientation
(unless conmbined with passive solar systens) should, therefore, be
determned primarily by building function and the exterior views.
Differences in potential heat gains or |osses due to conpass orientation
shoul d be the second priority.

Wien exterior views are limted by an earth-sheltered configuration, it
is often desirable to provide internal atriunms or spaces which provide an
alternative visual relief. In this case, life safety nust be given special
consi deration.

8.  MAINTENANCE AND SECURITY. Sone building el ements may be nore prone to
damage than in conventional buildings because of the ease of access by
non-aut hori zed personnel. Exanples of such building el ements are building
vents and skylights which may be quite readily accessible on an
earth-covered roof. Design for such building elenents shoul d include

consi derations of building security, privacy and noise or blast protection
if necessary.

Earth-cover resists casual vandalism danage to nost building surfaces
but critical points are building services such as vents, which are
accessible on an earth-covered roof, and skylights, which may also be
readily accessible. A determned vandal could also cause considerable
damage and repair cost by puncturing the roof waterproofing systemin a
di sgui sed | ocati on.
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Section 10. ENVI RONVENTAL PSYCHOLOGY

1. EFFECT OF PHYSI CAL CHARACTERI STICS. The location of a building slightly
bel ow grade does not preclude providing the amenities of natural Iight,
sunshine, and exterior views. There are, however, psychological barriers to
the physical location of a space below grade even if it has the identical
physical anenities of a a conventional building. Such fears may be related
to a fear of structural collapse, burial, or entrapment by fire or flood.
Psychol ogi cal reactions to an underground location tend to heighten

awar eness of physical characteristics that may go unnoticed in a
conventional building. The follow ng considerations affect the perception
of earth-sheltered space.

a. Natural Light and Views. Access to natural light is inportant to
users of a building even if the proportion of daylight to artificial
lighting is relatively low. The feeling produced by daylight, its
variability and the sense of contact with the outside world are inportant
reasons for its desirability (see Section 11, Natural Lighting, Skylights
and Passive Solar).

Wndows are desired for their ability to provide a direct view, to
nonitor weather conditions, provide a sense of contact with the environment
and to provide visual relief from the immediate surroundings.

b. Horizontal Access. A horizontal entrance into a bel ow grade
building will reduce the inpression of entering an underground space (see
Section 6, Site Context).

C. I nternal Spaciousness. The fear of tight or enclosed spaces is
clearly a potential problem for users of an earth-sheltered building.
Bui I ding designs that allow natural light, provide a good internal
environnent, and have a spacious interior will reduce the claustrophobic
effect of a bel owgrade space.

Since the functions of a window, besides adnitting light, are to
extend the imediate environment of the building occupant and provide visual
change and relief, inprovement in user satisfaction and contentnment can be
obtained with nore spacious interiors.

Carefully planned interior views which utilize borrowed Iights,
open-plan arrangenents, atriuns, and/or skylights wll achieve greater
visual relief and spaciousness.

d. Internal Environnental Conditions. Wndow ess- or underground-
bui | ding users frequently conplain of poor tenperature and hunidity control
and a lack of ventilation or stuffiness. These conplaints should be no nore
of a problem for a bel owgrade or w ndow ess building than for a sealed
climate-controlled conventional building. In fact, tenperature and hunmidity
control should be easier to obtain than in an above-ground building. In
addition to the actual air changes provided, the user perception of
ventilation is inportant. \Were a superior internal environmental control
of an earth-sheltered building is made apparent, this wll be recognized as
a conpensation by nost building users.
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Good ventilation should be provided to work stations and it shoul d
be felt or observed. [Individual tenperature control may inprove the
perception of an adequate nechanical system

e. Spatial Oientation. Since orientation to surrounding buildings
and other external features can be |ost underground, disorientation nay
affect the perception of visitors to an underground facility. Sinple
buil ding layouts and clear coding or signing of circulation areas is
important. Color coding, preferably warm colors, may assist orientation.
Courtyards and skylights can also provide occasional chances for orientation.

2. EFFECT OF WORK CONDITIONS. The followng work conditions can affect the
perception of a building.

a. Internal Activity. Internal activity within a building that can
offset the lack of external stinuli will normally be beneficial in a work
environnent, provided that it is not too intrusive in terms of noise or
di straction.

b. Length of Stay. An individual's reaction to an underground or
wi ndow ess environnent may be substantially colored by the length of time he
or she expects to spend in that environment. Underground facilities
primarily used for short-term activities such as indoor sports facilities,
restaurants, and shopping centers will thus nornally raise fewer objections
than an underground office.

C. Need for Underground location. Enployees of underground or
wi ndowl ess facilities appear to be nore accepting of their environment if
they perceive a rational basis for the location or design of the facility.
In other words since windows are detrinmental to the operation of many
sports facilities, nuseums, restaurants and shops, enployees working in
these facilities may be nmore resigned to their drawbacks. Simlarly,
wi ndowl ess precision |aboratory and manufacturing environnents provoke |ess
criticismthan a w ndow ess office building

d. Job Satisfaction. Enployees who derive considerable satisfaction

fromtheir work may be nmore tolerant of w ndow ess space than enpl oyees who
work at repetitive tasks.

e. Noi se.  Reduction of noise levels fromsources external to the
bui | di ng-may be an inportant benefit to occupants in a noisy exterior
environment--close to an airport or freeway--for instance. Internal noise
| evel s shoul d be controlled to provide a bal ance between an unnerving
silence and a disturbing level of noise
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Section 11. NATURAL LI GHTING SKYLIGHTS, AND PASSI VE SCLAR

1. METHODS OF DAYLI GHTI NG EARTH SHELTERED SPACE. Daylighting is one of the
nore promising energy conservation strategies for reducing lighting |oads, but
it needs to be carried out very efficiently in order to achieve the maxi num
gain and to avoid the danger-of increasing the sunmer cooling and the winter
heating loads. In general, daylighting can be divided into two categories:
(1) daylighting schemes which rely strictly on the beam component of the sun
and (2) strategies which utilize both the beam and diffuse conponents

a. Beamed Daylighting. Beaned daylighting shows the nost promse in
lighting deep underground space since the light can be projected through the
building interior for delivery to target spaces. The optical systems required
to do this are very sophisticated. The conponents for such a systeminclude a
set of heliostats (sun trackers), and a system of lenses and mirrors in an
arrangement through which light can be projected. A major advantage of this
systemis the ability to bring large amounts of light through small wi ndow
openings. Cold mrrors may be incorporated into the system to separate the
infrared part of the spectrum fromthe visible, thus reducing cooling |oads
A lighting source such as this will produce one-fourth |ess heat than a
fluorescent fixture providing the sane anount of |ight.

Light shelves are an attractive alternate to the "high tech" solar
optics discussed above. This technique is a very workable daylighting
solution for single-story earth-sheltered structures. The greatest asset of
this systemis that no noving parts are required. This systemis nost suited
to ambient |ighting

b. Diffuse Daylighting. Daylighting strategies that rely on the diffuse
sol ar conponent are much sinpler to design than systens which utilize the beam
conponent. These systems do not require moving parts, and are less likely to
CEU?G #isual confort problens. Such systems include the use of w ndows and
skylights

2. PASSIVE SCOLAR APPLI CATIONS FOR EARTH SHELTERED BUILDINGS. Passive heating
and cooling techniques can be effectively incorporated into earth-sheltered
buil ding design to further reduce space conditioning |oads. Design

optim zation requires nanipulation of the building configuration, orientation,
and construction.

The heat transfer process in passively heated and cool ed buildings is
variable and of |ow density. As a result, passive energy performance is
difficult to estimate. To date, the only accurate way to estimte energy
performance is the use of conputer nodeling. This technique provides an
interactive approach to passive design and enables a paranmetric analysis to be
carried out quickly. At present, however, this technique has not been fully
devel oped and is not universally cost effective to the designer.

Wndow |ocation may affect the overall building configuration. Buildings
oriented to the south can take advantage of direct solar gain. Spaces that
are renote fromthe south side of the building may take advantage of skylights
and clerestories. Cerestories will nornally be preferred to skylights in
earth-sheltered construction since they allow fixed seasonal shading, are
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t%/pi cally I ess expensive and need | ess mai ntenance, and accept thermal
shuttering nore readily. In addition, depending on the configuration,
clerestories may allow partial earth-sheltering. Wiere lack of fenestration
may inpair the psychol ogical habitability of the building, passive
clerestories may be especially appropriate.

a. Direct Gain Systens. Because direct gain techniques may result in a
greater range of room tenperatures, it is inmportant to carefully assess the
needs of the occupants. Sonme occupants may permt a wde range of tenperature
fluctuations; others may not. Further, some activities may not be anenable to
direct solar gain. In some cases, north light wll be preferred.

These conditions will affect the type of glazing to be used. In
place of clear glazing, translucent materials such as diffusing glass,
fiberglass, and plastic films nmay be appropriate ﬁrefer to NAVFAC DM8, Fire
Protection Engineering for use of plastic). Reflective glazing may reduce
unwanted radiation as tell as provide nore privacy for the occupants. @ azing
that diffuses light will better disperse the radiation to interior surfaces,
resulting in nore even tenperatures.

b. Indirect Gain Systens. As applied to earth-sheltered buildings,
thermal storage walls will reduce precious views to the exterior. A second
di sadvantage is that for solar heating, this system does not take advantage of
thermal mass inherent in earth-sheltered construction. The mass associated
with earth-sheltering is not only capable of storing heat on a diurnal cycle,
but also on an annual cycle.

Attached sunspaces all ow wi de tenperature fluctuations which reduce
the amount of thermal nmass normally required in a direct gain system In an
earth-sheltered building with abundant mass, this may not be a distinct
advantage. For large earth-sheltered buildings, however, sunspaces have the
potential to provide visual relief and natural Iight.

Wl |'s between the sunspaces and the building provide the nost
effective thermal mass for diurnal cycling. These walls, especially south-
facing walls, receive full solar insolation during the day in winter months
and reradiate heat into the interior space; the remaining heat warns the
sunspace.  Such a south-facing wall inside a sunspace can be constructed as a
passive or tronbe wall. Heat transfer to the interior spaces can be
acconpl i shed by direct solar transmssion, direct air exchange, conduction
through comon walls, or by storage in rock beds

. Isolated Gain Systens. In an isolated heating system solar heat is
collected and stored in an area set apart from the occupied space. Because
the occupied area is not directly exposed to the sun, the anount of heat it
receives can be nore closely controlled than with other systens. Earth-
shel tering does not necessarily afford additional free thermal mass in this
application.

3. CALCULATI ON PROCEDURES (GENERAL). Currently, the only accurate way of
predicting thermal performance in earth-sheltered buildings is the use of
conputerized hour-by-hour sinulations. Sinplified methods are available for
smal | above-grade buildings (see Reference 7, Passive Solar Design Handbook,
by Bal conb).
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Section 12. FI RE PROTECTI ON AND LI FE SAFETY

1. AR HANDLING SYSTEMS. Refer to NAVFAC DM 8, Fire Protection
Engineering for criteria for air handling systems. The follow ng general

principles apply to the effective use of air-handling systens for
pressurization:

a. Negative Pressures. A negative air pressure should be obtained in
the fire/ smoke area by the shutdown of air supply fans and diversion of
return air directly to outside.

b. Positive Pressures. A positive air pressure should be obtained in
adj acent areas by the shutdown of return air fans and by using 100 percent
outside air.

C. Fire/ Smoke Areas. Separate fan and duct systens shall be used for
each fire area. Were the building is not divided into fire/snoke areas,
all supply air nust imediately shut off and all return air exhausted to the
exterior.

2.  SMXE AND HEAT VENTING ~ Refer to NAVFAC DM 8 for design requirenents
for smoke and heat roof vents. To effectively inplement these requirenents,
the designer should be aware of the considerations discussed below.  See
also NFPA 101, Life Safety Code, for outside smoke venting requirenents.

Smoke venting is used to alleviate snoke and heat build-up in an
under ground or w ndow ess building by exhausting snoke and fire gases from
the building. The current trend in firefighting, however, is to provide
venting only after the fire is out. Storage buildi n?s my require extensive
venting facilities, whereas buildings with low fire [oading, nonconbustible
construction, and autonatic sprinklers may be cleared of snoke through the
ventilation system provided for normal changes of air.

Vents are nost applicable to | arge-area one-story buildings |acking
adequate subdivision. They are also useful in wndow ess and
earth-sheltered buildings. Vents are not a substitute for automatic
sprinkler protection.

Wiere vents are used on window ess buildings it is necessary to ensure
that there is an area of openings near the ground, at |east equal to the
area of the vents, or the vents will not function effectively.

Vents will not function in earth-sheltered buildings unless provision is

made for air to enter the burning conpartment near floor level. Fresh air
falling through the layer of hot snoky gases will itself become heated and
smoky.  Sprinklers will cool the gases.

In bel owgrade areas where gravity venting is not feasible, power
ventilators can provide positive heat and snoke venting. If venting is
initiated only to clear the snoke after the fire, then power ventilators
w |l be nore suitable.

In large, high spaces, snoke can be exhausted with roof-nounted fans
only to a height of 50 to 60 feet (15 000 to 18 000 mm). If snoke becones
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cool, wet or heavy because of the operation of the sprinkler system and the
ceiling is higher than 55 feet (16500 mm), it is necessary to nechanically
introduce air at the floor level in order to remove the snmoke through the
vents. The supply air should be directed vertically--roughly inline with
the exhaust fans. The supply should be 75 percent of the exhaust.

3. FIRE DEPARTMENT ACCESS. Access to a building for manual fire-fighting
nust be made easy. MNormally the usual entrances to a building will provide
satisfactory access for fire-fighters, but this may not always be the case
with underground buildings. A fire in these spaces often becomes an
excessively snoky fire. In addition, heat build-up is usually more intense
because heat venting is inadequate. Firefighters are therefore often placed
in the position of attacking fires in these spaces in the face of the heat
and snoke.

For access requirements for w ndow ess buildings, refer to the
provi sions of NAVFAC DM 8.

4. REQUI REMENT FOR AUTQOVATI C Fl RE- EXTI NGUI SH NG SYSTEM NAVFAC DM 8
requires an automatic sprinkler system for w ndow ess or underground
structures, "when the conbustibility of the contents, or life-safety
features, warrant the protection.”

Note, however, that earth-sheltered buildings are not necessarily
"underground structures." "Structure" is defined by NFPA 101, Chapter 30,
as follows: "A structure in which there is no direct access to outdoors or
to another fire area other than by upward travel." It is therefore possible
to have an earth-sheltered building where the direction of travel is
downward or horizontal. A building built into a hillside with exits on the
exposed wal |l woul d be an exanple.

5. FIRE SEPARATION OF STRUCTURES. Refer to NAVFAC DM 8 for separation
criteria. Conpletely belowgrade buildings are not considered in the above
fire separation criteria and safe separation should be anal yzed using
available criteria in other publications such as DOD 4270.1-M (see Criteria
Sources) and the Uniform Building Code, subject to NAVFAC approval .

NAVFAC DM 8 requires that all grass, weeds, and brush within 25 feet
(7500 mm) of all structures be kept trinmed.

6. DRAINAGE. Drainage of water from sprinkler discharge or from hose
streans can be a serious problem in underground structures and therefore
requires study in the early planning stages. |f provisions for drainage are
required for reasons other than fire protection, it may be possible to use
only one drainage system for all purposes, provided that it is designed to
handl e the expected maxi mum fl ow.

Refer to National Fire Protection Association, Fire Protection Handbook,
Section 6, for relevant criteria (see Criteria Sources).

Watertight floors are inportant in preventing the spread of water
damage. O greater inportance is the nunber and location of floor drains.
If interior drains and scuppers are available, salvage teans can renove
water effectively with a mninmm of danmage.
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Al'though gravity flow drainage is the nost reliable neans of renoving
wat er, nechanical neans may have to be used in areas bel ow grade. A waste
removal punp is best, and it should take suction from a screened sunp
Electric power for the sunp punp should be taken off ahead of the service
di sconnecting neans so that the building power can be interrupted for
firefighting without interfering with the punp operation. Emergency power
shoul d be provided for the punp system

7. LIFE SAFETY. Ceneral life-safety criteria are covered in NAVFAC DV 8
In addition to neeting the exit requirenments contained or referenced in
NAVFAC DM 8, the followi ng practices are suggested

a. Refuge Areas. Maximumdivision of areas limts fire extent and
severity, and provides areas of refuge for occupants. Tenporary refuge
areas, stairwells, and elevator shafts are often the principal areas where
pressurization and barriers may be utilized effectively. The Federa
Building in Seattle, Washington, for exanple, conbines exhausting the fire
floor and the use of physical barriers and pressurization of spaces above
and below the fire to confine the snoke to the fire area and to protect the
occupants in refuge areas within the building.

Stairways may be pressured to help ensure snoke-free conditions
From a theoretical viewpoint, the magnitude of pressure need be only
slightly greater than the pressure of the smoky atnosphere. Froma
practical viewpoint, a positive pressure of 0.05 to 0.10 inches (1.27 mmto
2.54 mn) of water colum should be maintained, even with as many as three
stairwel | doors open

For the safety of the occupants, every level of a w ndow ess or
under ground building should be divided into two or nore separate areas to
provide safe places of refuge within that level. Areas of refuge are not
substitutes for the required exits; however, areas of refuge should be
considered when |ife-safety provisions are nmniml. Each refuge area or
"fire area" should be on an independent air supply and exhaust system The
separation between areas is critical. A possible configuration might locate
a vestibule between adjoining areas with the vestibule vented as would be
required for a mechanically-operated snokeproof enclosure. [f pipe or
conduit goes through the separation wall which establishes the refuge area
penetrations must be tightly caulked to prevent passage of snoke. The use
of listed and tested transition devices is suggested. ldeally, there should
be no ducts through that wall. Qher penetrations should be limted to the
connecting horizontal exit.

b. Goal -Oriented Exit Design. Goal-oriented (dynamic evaluation) exit
design is discussed in the NFPA Fire Protection Handbook although it is not
identified in either the Uniform Building Code or NFPA 101, Life Safety
Code! (see Criteria Sources) as an alternate to the nore specific exit
requirenents.

Fatigue is judged to beconme inportant after five mnutes of travel
in a downward direction or one mnute of travel in an upward direction. To
hel p reduce fatigue, stairs can be nade nore gradual. Instead of the 7-inch
(178-mmrise and 10-inch (254-mm) run stairs, a 7-inch (178-mm) rise with
an 11-inch (279-mm run would significantly reduce the amount of energy a
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person woul d have to expend in clinmbing. It can take about 30 percent |ess
energy to clinb up the nore shallow stairs.

It is suggested that the followi ng performance criteria be applied
in addition to nmeeting the criteria cited in NAVFAC DM 8:

(1) Al'l occupants exposed to the fire environment should be able
to evacuate to a safe area within 90 seconds of alarm

(2) A portion of this time, not to exceed approxinately 15
seconds, can be involved in traveling in a direction towards the fire

(3) Al'l occupants should reach an area of refuge within five
mnutes of downward vertical travel or within one mnute of upward vertica
moverment (fatigue is judged to be inportant after these travel times).

C. Exit Enclosures. Exits from underground buildings which involve
upward travel, such as ascending stairs or ranps, are provided for in NFPA
101, Life Safety Code. These recomrendations take into consideration the
panic that may result when there is no direct access to the outside and no
windows to permt fire departnent rescue or ventilation

Exits involving upward travel, if nore than one-story or 15 feet
vertically, nust be cut off frommin floor areas and provided with outside'
snoke venting or other nmeans to prevent the exits from becomng charged with
smoke. In any fire, some carbon monoxide will tend to collect at the bottom
of the stair enclosures. Consequently, there is some |ife-safety advantage
in locating the exit fromthe stair enclosure above the |owest |evel of the
enclosure. Were downward exiting occurs, provisions nust be made to
prevent downward travel past the exit door.

d. El evators. Elevators are not exits but, in practice, they may be
used to get people out and firefighters in. A normal person can go down
stairs for about five stories before the legs begin to feel the strain and
slowing occurs. If people are deep in the ground, they may have to depend
on mechanical systens to evacuate them from the place of refuge

El evator |obbies could serve as refuge areas if both the |obbies
and the hoistways are pressurized to prevent the entry of snmoke. [|f 0.06
inches (1.52 mm of water colum is the pressurization to be expected from a
fire in a sprinklered building, the |obby would have to be pressurized to
about 0.08 inches (2.03 mm) of water colum. Further, all elevators shoul d
be progranmmed to return to the grade-level exit floor. This operation is
activated by the building snoke detection system
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Section 13. WATERPROOFI NG

1. SOURCES OF MO STURE. The basic sources of noisture are:

Surface runoff

Water table

Tenporary water pressure
Vapor pressure
Capillary draw

Surface runoff nust be handled by proper site planning and |andscape
design. Since building below the water table is a very poor condition for
construction, the first objective in site selection and planning should be
to avoid the water table. A structure that nust be built partially bel ow
the water table will require either extensive drainage in order to
permanent|y depress the water table, or it nust be conpletely waterproof and
designed to withstand the pressures in both walls and floor. Tenporary
wat er pressure against belowgrade walls is caused by excessive rains which
cannot be adequately handled by surface or subsurface drainage systens.
Al'though the frequency of occurrence and the magnitude of these tenporary
pressures can be reduced by site planning and drainage techniques, they are
unlikely to be conpletely elimnated.

The final two sources of moisture, vapor pressure and capillary draw,
are handled primarily by placing the waterproofing skin against the
structure of the building. Reducing the moisture content of the soil
through drainage can also help mninmize these problens. Depending on the
relative humdity and tenperature conditions of the soil and the interior
air of the building, differential vapor pressures can cause water vapor to
flow fromthe soil into the building. Wen this occurs, the waterproofing
on the outside of the wall can alleviate the noisture problem Condensation
probl ens caused by high hum dity and | ow surface tenperatures on the inside
of the space are not a result of inadequate waterproofing. Capillary draw,
another noisture transport nechanism which can occur through concrete walls
in contact with moist soil, is usually handled by an inpervious
wat erproofing system It can also be elimnated by creating an air gap
between the earth and the wall.

2. EVALUATION OF WATERPROCFI NG SYSTEMS.  Product evaluation should be based
on at least the following criteria:

durability and stability underground
capability to withstand nmovement and cracking
capability to mnimze leaks and facilitate repair
appropriate use

application procedure

relative costs

a. Danpproofing Products. This group of products includes concrete
adnmi xtures, polyethylene sheets, and a variety of surface treatnments such as
epoxy and acrylic paints, sinple asphalt and pitch coatings, and cenent
pargeting (back plastering) that can be applied to concrete and masonry
walls. It is inportant to distinguish between these relatively inexpensive,
easily applied products and other systems that use sone of the same
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materials in different ways to yield products with different characteristics
and, in some cases, inproved effectiveness (see the sections bel ow on
cenmentitious materials, built-up nmenbranes, and nodified bitunens)

Al though commonly used for foundations and basenents, these products shoul d
not be considered conplete and adequate waterproofing systems. The term
danpproofing actually connotes the prevention of danpness but not ful
protection from water that may enter the structure.

(1) Stability and Durability. The effectiveness of two of the
nost commonly used danpproofing products, asphalt and pitch coatings, is
questionabl e when they are used underground for two reasons. First, asphalt
emul sions can re-emulisfy in the presence of ground water over a |long period
of time and eventually becone ineffective. Second, the quality of both
asphalt and pitch has deteriorated in recent years. Inprovements in the oil
refining process have resulted in poorer chemcal properties in the asphalt
by-product. Simlarly, as health standards have caused some of the nore
vol atile substances to be removed from coal tar pitch, a nore brittle, less
effective product has resulted. It should be pointed out, however, that a
great variety of asphalt and pitch products, with a potential difference in
properties, is available. Naturally occurring asphalts, for exanple, would
not suffer from most of the disadvantages nentioned above.

Because polyethylene is manufactured with a consistent
quality, it can serve as a good vapor barrier if it is carefully applied and
seans are overlapped. Although clear polyethylene is subject to degradation
if it is exposed to the ultraviolet rays of the sun, this is not a problem
in underground applications. Polyethylene is totally inadequate as a
wat erproofing system however. It is not puncture resistant and it is
difficult, if not inpossible, to nmake watertight seans in the field

Epoxy and acrylic coatings can be tough and adhere well to
concrete surfaces. Using concrete adm xtures and pargeting with a dense
cement plaster can greatly reduce the permeability of concrete. Al though
some of these danpproofing products can be effective in preventing water
from entering the structure and are also relatively stable underground, they
nonet hel ess do not represent a long-termsolution to waterproofing because
of the drawbacks discussed bel ow.

(2) Ability to Wthstand Mvenent and Cracking. Danpproofing
products may be integral with the concrete structure (adm xtures), very
brittle (cement pargeting), or applied in a relatively thin layer bonded to
the surface (epoxy paints, asphalt, and pitch coatings). In none of these
cases does the product have any real ability to respond to novenent in the
structure or to bridge cracks. Although asphalt and pitch have sone
softness and flexibility in exposed locations in sumertinme, they are
usual Iy nore brittle and subject to cracking when used at consistently |ow
tenperatures underground. Since cracks and novement are virtually
inevitable in concrete structures, this is the greatest shortconming of these
coatings. Polyethylene, on the other hand, has some ahility to bridge
cracks and adjust to nmovement without failing because it is a sheet rather
than a coating. For underground applications, clear polyethylene is
superior to black polyethylene as it is not exposed to sunlight

(3) Ability to Mnimze Leaks and Facilitate Repair. Danpproofing
products are incapable of resealing any punctures, tears, or breaks in the
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coating. In a soft and flexible state, asphalt, and pitch have a linited
capability to reseal. But, in the presence of cooler, below grade
tenperatures, these materials can become brittle. Mst danpproofing
products are integral with the concrete or bonded to the surface. Because
any |leaks that do occur cannot travel extensively under the coating (as they
could with a sheet or nenbrane), they are easier to locate. Water can,
however, travel through the structural cracks and voids, which can be
extensive in block walls. The problemof localizing a |eak is considerably
greater with polyethylene. Water can travel easily behind the |oose-laid
sheet. If the sheet is bonded to the surface, the tendency for water to
travel is reduced.

(4) Appropriate Use. These products are not recommended for any
under ground application where a conplete waterproofing job is desired. They
are appropriate only as a vapor barrier for secondary spaces in which sone
nmoi sture and danpness can be tol erated.

(5) Application Considerations. The various coatings can be
applied by unskilled |abor and are either sprayed, troweled, or brushed on.
Specifications for tenperature, humdity, and surface conditions vary wth
the products. Polyethylene sheets should be overlapped generously to act as
an effective vapor barrier.

(6) Relative Costs. Mst of these danpproofing products have,

relatively low labor and material costs conpared with the costs of thorough
wat er proofing systens.

b. Built-Up Asphalt and Pitch Menbranes. This type of menbrane,
consi sting of layers of hot-mopped asphalt or pitch alternated with felt or
fabric reinforcing which is bonded to the structure, is a very famliar and
comonly used product on conventional roofs. This system has been used with
sone success in various underground applications, but its long-term
durability belowgrade, as well as its capability to performin the same
manner as on conventional roofs are questionable. Long-tern performance is
more critical underground because the waterproofing is not easily accessible
for repair and eventual replacenent.

(1) Stability and Durability. The long-tern stability of many
asphalt and pitch products underground is not reliable. Although the basic
built-up menbrane is relatively inpervious to water and water vapor when
first installed, constant exposure to water can cause deterioration of the
asphalt. As for the fabric reinforcing, organic felts wll eventually rot
with constant exposure to water, whereas glass-reinforced fabrics wll [ast
much | onger.

(2) Capability to Wthstand Mvement and Cracking. Built-up
menbr anes have nechanical strength that sinple asphalt or pitch coatings do
not have. Nevertheless, because nenbranes are relatively brittle and
inflexible at cool belowgrade tenperatures, they cannot absorb movenent or
bridge cracks in the concrete structure.

(3) Capability to Mninize Leaks and Facilitate Repair. Built-up

menbranes used on the roofs of above-grade structures are noted for sone
capability to reseal punctures, primarily because they becone soft and
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flexi ble when heated by the sun. In the cooler bel owgrade environment,
however, they remain too brittle and inflexible to have very good resealing
properties. If a |eak does occur, the built-up menbrane does not always
adhere to the structural surface as well as other waterproofing products
that are chemcally bonded. Thus, water that penetrates the nenbrane may
travel behind it to some degree, making leaks difficult to locate. Any
repairs to the nenbrane nust be made from the outside.

(4) Appropriate Use. Horizontal surfaces that have a slight slope
for drainage are the nost typical and best applications for built-up
nmenbranes. Although they can be applied to vertical surfaces, such
application is nore difficult, particularly when the menbranes are applied
hot. Because these menbranes are not continuous flat sheets or roll goods
but rather are built up from smaller pieces in layers, they are better
suited to nore conplex forns than are other sheet goods. The waterproofing
can be formed on curving surfaces and around penetrations as an integral
f1ashing.

(5) Application Considerations. The basic work of mopping on the
hot asphalt can be done by relatively unskilled |abor. However, experienced
supervi sion and proper equi pment are necessary to ensure proper
installation. The conditions required for successful application are not as
stringent as for many other products. The surface nust be relatively clean,
dry, and snooth, but sone |eeway for irregularities exists. The nenbranes
can be applied in a wder range of tenperature and humdity conditions as
well.  Because the nenbrane may be relatively soft after application, it
shoul d be carefully protected from punctures or damage during the
backfilling process.

(6) Relative Costs. Material and labor costs for built-up
menbranes are noderate conpared with costs for other waterproofing
products. Mre conpetitive bidding may be possible, due to the greater
nunber of qualified applicators and the famliarity of built-up nmenbrane

. Cenmentitious Materials. The various cementitious waterproofing
materials, which are sprayed, brushed, or troweled onto concrete surfaces
consi st of Portland cenent and certain organic or inorganic additives. Wen
the mxture is placed on a concrete surface, it comes in contact with
noi sture and unhydrated cenent, causing the formation of crystals in the
voids of the concrete. The size of the crystals is such that water
nol ecul es cannot pass through, while air and water vapor can. Thus, the
concrete can cure properly while maintaining a waterproof surface

(1) Durability and Stability. Mst cenentitious materials are
stabl e underground and conpatible with nost soil chenmicals and conditions
These al kaline materials (pH of approximately 9.0 to 9.5) wll resist pH
| evel s between 3.5 and 11-a range that includes nost soil conditions.
Products that use sodiumbased additives to react with the cement in the
concrete may be less desirable because sodiumis water soluable and coul d
| each out of the concrete over time. In general, however, cenentitious
products themselves have a long life span.

(2) Capability to Wthstand Mvenent and Cracking. The major
di sadvantage of cenmentitious waterproofing materials is that they have very
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little capability to bridge any cracks in the concrete caused by settling
thermal expansion, or other novement. ‘Al though very small hairline cracks
can be bridged, any larger cracks, which are common in nost concrete
structures, represent a break in the waterproofing system Buildings that
incorporate precast elements, cold joints, or masonry walls are generally
more likely to crack than are nonolithically poured concrete structures
Post-tensioned structures in particular resist cracking because the concrete
Is held in constant conpression. Thus, a post-tensioned structure
represents the best possibility for successful waterproofing with a
cenentitious product.

(3) Capability to Mnimze Leaks and Facilitate Repair. As stated
above, any leaks that occur with cementitious waterproofings are likely to
result from cracks in the concrete structure. Since the waterproofing is
integrated within the concrete, water cannot travel behind the waterproof
| ayer as it can when an attached nenbrane material is used. It can,
however, travel wthin and along any cracks, thereby increasing the
difficulty of finding the major source of the |eak. Cenentitious nmaterials
have no resealing capabilities, but, if a leaky structure requires repair,
these materials can be applied fromthe inside of the structure, even
agai nst hydrostatic pressure. Presumably, application could be done after
maj or cracks were carefully resealed from the inside, though, this mght
merely cause the entry point of water to shift to a new |ocation by
mgration of water along unsealed portions of the crack.

(4) Appropriate Use. Cementitious products are limted to use on
concrete and nasonry surfaces. Basically, a product that can be sprayed or
trowel ed on and that actually penetrates into the concrete appears to have
certain advantages. It can be applied to conplex or curving forns, for
exanple, as well as vertical or horizontal surfaces. Unfortunately, this
apparently wide range of applications nust be carefully limted to
situations in which cracks are unlikely to appear.

(5) Application Considerations. Unlike npost waterproofing
systens, cenentitious materials can be applied by relatively unskilled or
noderately skilled labor. Another advantage is that they cannot be easily
damaged during the backfilling process. The major application concerns are
the condition of the concrete surface, the noisture content of the concrete
and the tenperature. Although the concrete surface should not have any
maj or defects (honeyconbing, rock pockets, or faulty construction joints),
small irregularities are acceptable. In fact, a surface that is extrenely
snooth may be undesirable because the waterproofing material nust be able to
penetrate into the open capillary system of the concrete. Surfaces nust
also be clean and free from concrete formoil, curing conpounds that sea
the concrete pores, or other foreign matter that could inhibit penetration.
Li ght sandbl asting or waterblasting may be necessary. Mdified cenmentitious
materials that can be applied on concrete block walls are available.
Additional surface preparation is usually required for block walls to cover
cracks and render a more uniform surface.

Because moisture is required to formthe crystals, newy
poured concrete that is danmp throughout is the ideal application condition.
Under other conditions some prewatering may be required. It is inportant
that the surface be moist, but if it is wet, it will dilute the penetrating
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material. Cenentitious materials should not be applied at tenperatures

bel ow 40°F (4°C). Proper curing depends on the tenperature and the reaction
of the materials with water. Mst cenmentitious waterproofing materials
require air for curing and nust be sprayed regularly over a period of two to
three days with a misty spray. Therefore, the materials should not be
covered imrediately by polyethylene. During curing, however, they nust be
protected from excessive wnd, sun, rain, and frost.

(6) Relative Costs. Because a nunber of cementitious materials
are available, costs can vary widely. In general, material costs can be
consi dered nmoderate and |abor costs |ow to noderate in conparison wth other
wat er proofing systens.

d. Li qui d- Appl i ed Waterproofing Systenms. This group of products
includes a variety of urethanes, elastoners, rubbers, and other synthetic
conpounds which are applied in a liquid form They typically cure in 48 to
72 hours to forma single, seanless, nenbranelike coating which is bonded to
the surface of the structure. They can be applied in thicknesses of 15 to
100 nils (0.38 to 2.54 nm). But, 60 mls (1.5 nm) is generally the mninum
thi ckness desirable for underground application. These products are applied
in one or nore coats by spray, trowel, roller, or brush. The |iquid-applied
systens included in this category are

pol yur et hane

pol yi sobutyl ene (butyl)

pol ychl oroprene (neoprene)
chloronated pol yet hyl ene (hypal on)
pol yvinyl chloride

pol ysul fi de

silicone

acrylic latex

Because of the large nunber of products and the alnost infinite
variations possible with some of them it is somewhat difficult to
general ize about their characteristics. This discussion will enphasize the
pol yur et hanes because they are the nost common and the nost likely to be
used underground. The basic properties of the rubbers-butyl, neoprene, and
hypal on- are discussed in greater detail in the subparagraph bel ow on
vul cani zed sheets, which is their nmore common application. Al though the
specific chemcal properties of these liquid-applied materials can vary
considerably, they can be evaluated as a group because nost of the genera
characteristics-the ability to withstand novenent, and design and
appl i cation considerations-are quite sinilar.

(1) Stability and Durability. The ﬂroperties that affect the
stability and durability of products within this classification of

wat erproofing systenms can vary widely; hence, these characteristics must be
carefully examned. Some products can be prepared to suit a particular
application, so that they are especially resistant to certain chemcals, to
sunlight, or to abrasion, for exanple. Wth respect to underground
applications, only the polyurethanes have a reasonable history of use
Al'though a discussion of the chem cal makeup of these products is beyond the
scope of this evaluation, some basic points can be made. One-conponent

pol yurethane systens are relatively inexpensive and easy to apply but can
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become brittle and | ose adhesion. They are not recommended for use

under ground where performance is critical. Two-conponent systens, although
more costly, perform nuch better. Products based on esters and ethers were
devel oped to resist abrasion above grade; they are not recomended for

under ground wat erproofing because they will become brittle over tine.

One characteristic of |iquid-applied nenbranes that would
appear to be an advantage over factory-produced menbrane sheets is that they
are seamess (seans are usually the weak point of |oose-laid menbranes and
rol| goods). Attaining the sane |evels of stability and durability
characteristic of factory-produced materials in a liquid that is cured in
the field may, however, be a significant problem The rather exacting
conditions required to produce a plastic or synthetic rubber are difficult
to duplicate in the field, because of the variations in surface conditions,
tenperature, humdity, and manner of application.

The application procedure can affect the durability of the
liquid-applied systems. For exanple, the use of spray-on applications can
seriously weaken the menmbrane by entrapping air bubbles. Thicker products
that can be troweled on are generally nore desirable. Some liquids are
intended to be applied in a "self-leveling" form Since it is nearly
impossible to build a conpletely flat, smooth surface, the self-leveled
menbrane will be thicker in sone areas than others. Sections of the
menbrane that are too thick can blister, adhere poorly, and cure
inproperly.  Polyurethanes cure slowy: when the time required for curing is
inconpatible with construction schedules, additives are sonetines included
to speed up the curing process. The drawback to this technique is that the
decrease in curing time results in a product that may be nore brittle

Acrylic latex-based products are not reconmended bel ow grade
because the ground water can cause the latex to re-emulsify and mgrate from
the wall. Polysulfides are conposed of synthetic rubber that is quite
i mpernmeable to water and resistant to chemical attack. They are costly and
excessively soft. Polysulfides are not currently manufactured in the United
States. Liquid-applied waterproofing systems based on silicone are
relatively new and have little history of application. Because of certain
drawbacks, which include poor adhesion to concrete, the silicones seem
better suited to above-grade, rather than bel ow grade, applications

(2) Capability to Wthstand Mvenment and Cracking. Liquid-applied
wat erproofing systens are fully bonded to the structure. Therefore, any
strain caused by novenent and cracking nust be taken up by the materia
lying imediately over the crack. -Athough these materials have sone of the
properties exhibited by factory-made nenbranes--toughness, tensile and shear
strength-the capacity of relatively thin, fully bonded materials to bridge
cracks is linmted. Thus, these products are not recomrended for precast
concrete roofs, which have a great potential for novement and cracking.
Rather they may be nore suited to reinforced and post-tensioned poured
slabs, in which cracks are mnim zed.

(3) Capability to Mnimze Leaks and Facilitate Repair. Like nost
menbrane and sheet nmaterials, liquid-applied systens have no capability to
reseal punctures or tears. They do have two advantages over sheet goods in
mnimzing leaks in that they are seamess and are fully bonded to the
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structure. Provided that the material has good adhesion, |eaks cannot
travel under the nmenbrane. The source of the leak is easier to locate and
therefore easier to repair, but, if a leak is acconpanied by |oss of
adhesion in the nenbrane, the repair can be nmore difficult

(4) Appropriate Use. Liquid-applied systens will bond to a wide
range of structural and insulation materials if the product is correctly
formulated to do so. The limtations on the appropriate type of surface are
based not on the capability of the products to bond, but rather on their
incapability to bridge large cracks that may occur during the [ife of the
structure. Direct application is, therefore, not advisable on precast roof
decks, masonry surfaces, wood decks, or other surfaces that have a great
potential for novement and cracking. These products are best applied to
reinforced and post-tensioned poured concrete slabs. In general, the
l'iquid-applied systens are best suited to horizontal surfaces that have a
slight slope, although the self-leveling products require a conpletely flat
surface. Some liquid products are formulated to be applied to vertica
surfaces, usually in several coats

Conpared with flat sheet menbranes and roll goods, materials
with good adhesion that can be troweled or sprayed on are nore suitable for
designs that incorporate conplex geonetries and curving surfaces. Some
question remains, however, as to whether or not the controlled, uniform
thi ckness required for proper curing can be easily achieved on a conplicated
shape

(5) Application Considerations. A though the actual brushing or
troweling on of these liquid-applied naterials does not require highly
skilled labor, it is very inportant to use experienced applicators in order
to ensure proper surface preparation, control of the application, and
adequate curing tinme. Some products require a primer or masonry
conditioner, which can raise labor and material costs. |If the naterials are
not applied in an even thickness, problems can result. Bubbles can form as
gases are released during curing. Adhesion can be lost in areas where the
menbrane is too thick. Inproper application can result in irregularities in
the coating, especially in corners and around vent pipes. For best results
two coats are often desirable. On vertical surfaces several coats may be
required, along with enmbedment of the fibers into the first coat. Mny of
these products release toxic fumes during application and curing
Respirators and good ventilation are required

The most critical aspects related to the application of these
materials are the preparation of the surface, the air tenperature, and the
hum dity conditions. Mre than any other type of waterproofing product, the
l'iquid-applied systens require a very clean, snooth, dry surface. Al oils
nust be renoved, voids filled, and any inperfections in the surface
smoothed.  The concrete structure should be allowed to cure the full 28 days
before the waterproofing is applied, to ensure that nost of the noisture is
gone fromthe surface. Some manufacturers do not recommend that their
products be applied in situations where noisture nust evaporate from the
concrete surface underneath, because it wll cause the waterproofing to
blister and |ose adhesion. These situations include Iightweight concrete
decks, which release large quantities of noisture, and concrete over stee
decking, where the noisture cannot escape downward from the sl ab.
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Under the best tenperature and humdity conditions, curing of
a typical nenbrane may take 48 to 72 hours, depending on the specific
product. Curing of waterproofing that is applied in tenperatures below 40°F
(4°C) would take several weeks, whereas application above 80°F (27°C) may
result in too rapid curing, which can cause brittleness in the menbrane.
Simlarly, if the relative humdity is below 30 percent, the menbrane woul d
cure too slowy; above 85 percent humdity, it cures too fast.

After application, the material should be inspected to make
sure no voids or bubbles are left in the nenbrane. Insulation should not be
placed over the waterproofing too soon since sone volatile substances given
off during curing can attack polystyrene insulation. Like nost
wat er proofing products, the fully cured liquid-applied material should be
protected from damage during backfilling

(6) Relative Costs. Labor costs are noderate for the application
of this group of products. Material costs can vary considerably because of
the many types of |iquid-applied systems. Generally, material costs range

from noderate to high for the best-quality products conpared with costs of
other waterproofing systens.

e. Mbdi fied Bitumens. These materials, often referred to as
rubberized asphalt, consist of asphalt conbined with a small amount of
synthetic rubber, applied to a polyethylene sheet. In sone cases, a second
pol yet hyl ene sheet is placed between two |ayers of the rubberized asphalt.
The material cones in rolls ranging from3 feet (914 mm) to 4 feet (1219 nm)
wide. The strips of rubberized asphalt adhere to the structural surface and
are overlapped to adhere to each other.

(1) Durability and Stability. Since nodified bitunens come in
factory-produced rolls, they have uniform thickness. The quality of the
asphalt itself can vary, however. Rubberized asphalt has good resistance to
nmost chenicals found in the soil. Polyethylene also has good stability in
underground conditions, where it is not exposed to the ultraviolet rays of
the sun. Cenerally, these materials will not rot or mldew

Deterioration of asphalt in contact with ground water is
reduced considerably with this system because the polyethylene prevents
moi sture from coming in contact with the asphalt. Further, the polyethylene
acts as a good vapor barrier. The addition of rubber to the asphalt gives
the product tensile strength and stability. The rubber makes the asphalt
softer and may reduce its tendency to deteriorate with time. The rubberized
asphalt products can last a relatively long tine if they are carefully
installed in an appropriate situation.

(2) Capability to Wthstand Mvement and Cracks. The tensile
strength of the polyethylene and the rubber in nodified bitumen materials
makes them effective in bridging over cracks up to 1/4 inch (6.35 mr) wde.
The softness and flexibility of the rubberized asphalt allow for sone
nmovement to occur wthout stressing the product to the point of failure
The capability of the material to bridge cracks wthout |eaking depends on
very good adhesion at the seans, as movenent usually creates extra stress in
these areas. It is best not to place seams directly over points where
cracking is likely to occur, such as at cold joints or other structura
connect i ons.
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(3) Capability to Mnimze Leaks and Facilitate Repair. Mdified
bi tunens are intended to be used with a primer that hel ps bond the product
to the -structure. Along the overlapping seans, the rubberized asphalt bonds
well to the polyethylene. Ideally, the material will be conpletely bonded
to the structure, thus preventing any water that penetrates the menbrane
frommagrating. This neans that the source of a leak will be easier to
find. Conpletely bonding the material to the structure may be al nost
I mpossi bl e under nost field conditions, however. Because |oss of adhesion
can occur for a variety of reasons, nodified bitunmen products nust be very
careful ly applied (see “Application Considerations” below).

(4) Appropriate Use. Modified bitumen products are versatile in
that they can be used on concrete, masonry, or wood surfaces. They are wel
suited to applications on vertical surfaces where there is no continuous
head of water. They nust be used with nore discretion on horizontal
surfaces, however. Because these products have numerous overlapping seans,
it is not advisable to use themon flat horizontal surfaces where they could
be exposed to ponding. If a nodified bitunen product is to be used on a
horizontal surface, the surface should be sloped slightly to provide
drainage and the seams nust be overlapped in a manner simlar to shingles on
a conventional roof.

(5) Application Considerations. Successful application of
modi fied bitunens depends on great care in the preparation of the surface
and application only under the proper tenperature and humdity conditions
Experienced, skilled labor is usually required for successful application.
A smooth, clean, dry surface is necessary for good adhesion of the product
to the surface. Mechanical grinding may be required on concrete surfaces
but slight irregularities are acceptable. The waterproofing material should
be applied only when the surface tenperature is above 40°F (4°C), because
col der tenperatures reduce the quality of both the bonding and the seans.
Space heaters should never be used to warm the surface of the rubberized
asphalt because they add noisture, which can cause condensation that may
| oosen the bond.

Modified bitunens are inconpatible with pitch and certain
solvents and seal ants. Because menbranes are combustible, they should not
be exposed to flames, sparks, or tenperatures over 100°F (37.8°C). Mdified
bitunens, like nost elastonmeric materials, have a high degree of nenory,
such as a tendency to return to the original sheet or roll configuration
Al'though wrinkles or voids created during application are rolled out, the
material will tend to return to the winkled state

During the backfilling process, the waterproofing products
shoul d be protected from damage. Insulation can serve this purpose.-n
uninsul ated roofs a layer of sand can be used, whereas sone form of
protection boards is necessary on uninsulated walls. The backfilling
operation should occur relatively soon after the waterproofing is installed
so that the polyethylene is not exposed to ultraviolet rays from the sun.

(6) Relative Costs. Conpared with costs of other waterproofing
products, the cost of nodified bitunen products can be considered noderate
or average.
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f. Wul cani zed and Plastic Sheets. This classification of
wat erproofing materials includes various natural and synthetic rubber
conpounds and plastics that are formed into sheet nenbranes by vul cani zation
or other processes. The generic names and chemcal compositions of the six
maj or types of sheet nenbranes are:

i sobut yl ene isoprene (butyl)

et hyl ene propyl ene di ene nononer (EPDW
pol ychl or oprene (neoprene)

chl orosul fonated pol yet hyl ene (Hypal on)
chl oronated pol yethylene (CPE)

pol yvi nyl chl oride (PVQC)

Most of these materials are available in roll stock or sheets in
sizes up to 50 feet (15 240 nmm) wide and 200 feet (60 960 mm) | ong,
depending on the product. Flexible sheets of PVC are available in sizes up
to 80 feet (24 384 nmm) wide and 700 feet (213 361 mm) |ong. Thickness
ranges from 1/32 inch (0.79 mm) to 1/8 inch (3.18 m) in the vul cani zed
products and typically between 10 mils (0.25 nmm) and 45 mls (1.14 m) for
CPE and PVC. They can be seamed at the site, using special cenents or
solvents, or in the factory to forma single menbrane that will cover the
entire structure. The nenbranes can be loose laid or partially or fully
bonded to the structure. Some are used for above-grade conventiona
applications as well as belowgrade. Some of the products, EPDM and
neoprene in particular, are used as flashing materials and are available on
rolls as narrow as 12 inches (305 mm) for this purpose. Mst of the generic
types of sheets are also available in a liquid formthat has the same basic
chem cal conposition. Although most of the characteristics of stability and
durability are simlar for these liquids, the other criteria--such as the
ability to withstand movenent or facilitate repair and the application
considerat ions--are quite different. For this reason the liquid fornms of
these products are discussed in the section on liquid-applied systens.

(1) Stability and Durability. Wth the possible exception of PVC
sheets, the stability of this group is quite good. In addition, the
products in this group have anong the longest life spans of all the
wat erproofing products. The high quality control in the manufacture of the
sheets results in very consistent products. Generally, these menbranes are
moderately tough, puncture resistant and resistant to nmost chemicals. Soft
and flexible, nost of these products can be elastic in tenperatures ranging
from 40°F (4°C) to 200°F (93°CQ). The vul cani zation process hel ps prevent
the stress cracking that can occur when sheet nenbranes are used on sudden
sharp bends.

Al'though the menbranes thenselves have excellent
characteristics for underground applications, the presence of seans is
always a concern. The vul canization process gives butyl, EPDM and neoprene
Preqt strength and resistance to permanent deformation under |ong-term

oading. Seans that are made in the field with col d-applied solvents or
cenents, unfortunately, do not have these sane inherent characteristics
They can be sufficient, however, if they are not located in areas with great
potential for movement or stress from other forces. For best results, the
nunber of seams shoul d be mnimzed and application should be done wth
extreme care by professionals. The sheets can be seamed in the factory into
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one customfit nenbrane. Although this process guarantees a good bond, the
resulting rather large, heavy nenbrane nmay be difficult to work with

The six mgjor types of nenbranes, although simlar in many of
their general characteristics, differ in some ways. The key characteristics
of each type are briefly discussed bel ow.

Butyl menbranes are lightly vul canized, resulting in high
strength, flexibility, and softness. They can be reinforced with nylon and
have a high resistance to heat and ozone. Athough they are resistant to
bacteria, fungi, and nost soil chenmicals, they should not be exposed to
acids, oils, or solvents. The very low perneability of butyl rubber to gas
makes it a good vapor barrier.

EPDM is a synthetic rubber that is quite simlar to butyl in
nost respects. It is even nore resistant to weathering, chenmicals, and the
ultraviolet rays of the sun. Like butyl rubber, it can be reinforced with
nonn.IwThe sul fur included in its conposition provides EPDM with high
strengt

Neoprene is a synthetic rubber that has good resistance to
chemcals, oils, solvents, high tenperatures, and abrasion. It is nore
sensitive to degradation caused by exposure to the sun than are the other
vul cani zed nmenmbranes. It is also nore vapor permeable than the other
vul cani zed menmbranes.  Generally, neoprene nenbranes are not used in
underground applications as often as butyl menbranes or EPDM  Neoprene is
commonly used for flashings because it can be formed into conplex shapes in
the field when heat is applied to it. Rolls of neoprene flashing material
are available in cured or uncured form

Hypal on is distinguished from the other sheet nmenbranes in a
number of ways. Its chenical conposition gives it some unique
characteristics. Because Hypalon is highly resistant to the ultraviolet
rays of the sun, ozone, and high tenmperatures, it is suitable for exposure
above grade. Unlike the other nenbranes, it can be manufactured in a
variety of colors. Perhaps the nost undesirable characteristic of Hypalon
is its relatively high rate of water absorption if it is constantly exposed
to water. Thus, it is generally not recommended for use underground

CPE, which is also quite durable and stable underground, is
available as a 20-m| (0.51-m) sheet |aminated to a polyester backing that
can be fully bonded to the structure. Seams can be made on site by welding
the sheets with solvents, cenents, or adhesives, and in the factory by neans
of an electrothermal process. |f properly done, the seans can have the same
characteristics as the sheet itself. This is one of the assets of CPE that
di stinguishes it from some of the other sheet menbranes.

PVC is a well-known plastic. As a raw material, it is hard
and brittle. As a sheet material, it is flexible, strong, and resists tears
and punctures. It is also resistant to ultraviolet degration and soi
chemcals. A drawback of PVC sheets is that shrinkage can occur. They can
al so becone brittle as plasticizers |each out of the nmaterial over time

Sone products have additives that slow this process
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(2) Capability to Wthstand Mvenment and Cracking. Basically,
vul cani zed and pl astic sheet menbranes have excellent properties for
bridging any cracks that occur in the structure. They are flexible under a
wi de range of conditions and have great tensile and sheet strength. Their
capability to bridge cracks is affected by the manner in which the nenbrane
is bonded to the structure. Total bonding of the nenbrane reduces the
flexibility of the material over cracks and concentrates the stresses in the
smal| portion of menbrane lying directly over the crack. A loosely laid or
partially bonded nmenbrane allows for this stress to be dissipated over a
greater area, thus reducing the strain on the material. At points where
novenent is expected, such as at an expansion joint, it is desirable to
| eave sone extra material to take up any stress that occurs.

(3) Capability to Mnimze Leaks and Facilitate Repair. A
vul cani zed or plastic menbrane has no capability to reseal itself once
punctured. Menbranes can be repaired from the outside of the structure wth
patches that are bonded in the same manner as seams with col d-applied
cenents. The major drawback of sheet menbranes when loose laid is the
difficulty of locating |eaks, because water can travel behind the nenbrane
and enter the structure at a point renote fromthe original source. This is
one of the main reasons why menbranes are bonded to the structure.
Conpl etely adhered sheets can localize leaks, but, this technique is costly
and reduces the capability of the nenbrane to bridge cracks. A conprom se
solution that is often used is a partial bonding of the menbrane in a

regular grid pattern so that any leaks will be localized in one section of
the grid.

(4) Appropriate Use. Sheet nenbranes can be applied over both
precast and cast-in-place concrete surfaces, as well as on masonry and
wood. These large, heavy nenbranes are best suited to horizontal surfaces
which can be conpletely flat. No slope is required because the nenbranes
can hold standing water indefinitely. Athough the material can easily
resist water on vertical surfaces as well, application is quite difficult
because of the tendency of the heavy sheets to stretch from their own
weight, especially in the heat.

Application of a large, flat menbrane over conplex shapes is
difficult. Flat surfaces and sinple shapes are the best applications for
sheet menbranes. Mnimzing projections and penetrations through the
menbrane sinplifies the application by reducing the nunber of seans,
flashings, and other field-bonded details, which are always the potentia
weak points of the system O course, if projections and penetrations are
required, they can be waterproofed by using flashing materials and specially
formed boots, corners, and other accessories.

(5) Application Considerations. The application of vulcanized or
plastic sheet menbranes--particularly the seamng and bonding-is quite
exacting work and requires experienced, skilled professionals. |f the
menbrane is factory seamed, installation requires experience because the
material is heavy and difficult to adjust. Cean, dry, snooth surfaces that
are free of oil and grease are required if the nmenbrane is to be bonded
Because the menbranes are tough, the surface can be somewhat irregular
wi thout causing damage, although sharp edges and foreign objects should be
renoved. The nenbrane materials remain flexible over a wde range of
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tenperatures, but applying vul cani zed nenbranes in extrenely cold or hot
tenperatures is inadvisable. Heat can cause the nmenbrane to expand
consi derably; when placed in the cool er underground environment, it wll
contract, causing stresses in the nenbrane and at the seans.

Before bonding or seamng takes place, vulcanized nmenbrane
sheets should be laid out and allowed to relax and return to their origina
size. If they are stretched during application, greater stresses will
result. One advantage of the solvents and cements used with these products
Is that, they are cold-applied-no hot mastic is required. (The adhesives
can be noderately toxic.) After installation but before backfilling, the
system should be water-tested for leaks. Field inspection and water-testing
are advised to ensure watertight seams. Pinhole punctures can sometinmes
occur in the manufacturing process, however. A though the nmaterials are
relatively tough, insulation, or other protective materials should be used
to protect them from punctures by sharp objects during backfilling.

(6) Relative Costs. The cost of vulcanized and plastic nenbranes
is higher than that of any other category of waterproofing materials. This
high cost is largely attributable to the cost of a very high quality durable
material, although skilled |abor is also required. The cost can be affected
by the conplexity of the job and by the nunber of seams and flashings
required. The cost of labor for a nenbrane that is fully bonded to the
structure is significantly higher than for a |oose-laid application

, Bentonite Cay Products. Bentonite (montmorillonite) clay is used
in several forms to provide waterproofing on underground structures. This
highly plastic clay, which is mined in the western United States, has the
uni que property of swelling from 10 to 20 times its original size when
saturated with water. As it dries, it returns to its original volume. This
process of expanding and contracting can continue indefinitely wthout
wearing out the material. The bentonite material is applied in a thin |ayer
confined between the structure and the soil. As the clay material cones in
contact with water, expansion of the material is restrained, resulting in a
gel - or paste-like barrier characterized by a high density and
I mper meabi lity.

The many types and grades of bentonite clays have different
characteristics. The major types of these products use specific clays and
are available in the followng forns:

Raw bentonite

Bentonite mxed wth asphalt

Bentonite contained in cardboard panels

Bentonite mxed with binding agent in a trowel-. and
spray-grade product

* Bentonite mxed with polymers for caulking joints

The materials most comonly used on underground buildings are the
spray-on and trowel-on mxtures and the cardboard panels.

(1) Durability and Stability. The fact that bentonite is inorganic
and will not deteriorate means that bentonite-based products in general are
characterized by long-tern stability and flexibility. They should not be
used in highly salinated soils, however, because salt dimnishes the
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swelling action of the bentonite clay. Another concern is that, if
bentonite is allowed to dry out conpletely and is then saturated with water
there will be a slight delay before the clay is activated and expands to
seal all leaks. Thus, it may not be advisable to use bentonite in a hot
arid climate subject to sudden downpours. Al though bentonite products
function effectively when exposed to a continuous head of water, they shoul d
not be exposed to running water that could cause the clay to wash off the
surface

Raw bentonite in its dry, granular formis often used for well
casings and for sealing the bottons of reservoirs. Athough it can be used
to waterproof buildings, this use is generally not recommended because the
bentonite does not adhere as well with other applications, its application
is difficult to control, and it will not work on vertical surfaces. It is a
mstake to mx raw bentonite with water so that it can be aFFIied ina
paste-1ike form After expanding during application, it w later dry out
and shrink to its original size, and thus allow water to |eak through
because the amount of material is inadequate. Bentonite mxed wth asphalt
Is also unsatisfactory and is not recommended. Although this product has
been successfully applied, the asphalt tends to coat the clay particles,
thus reducing their activity.

Application of bentonite contained in the voids of cardboard
panels results in a very consistent thickness of the raw material. The
panel s nust be very carefully handl ed during transport and application to
prevent damage. The bi odegradabl e cardboard is intended to deteriorate as a
result of the bacteria in the soil. Problems can occur if the backfill soil
does not contain sufficient organic matter to cause this deterioration. For
exanpl e, water may penetrate past the bentonite and run behind the cardboard
and along the seans between panels.

The effectiveness of the trowel-on and spray-on mxtures of
bentonite is dependent on good quality control in product fornulation and
application. Trowel -on applications do not require the high level of skill
and the exacting tol erances needed for applying other waterproofing
products. Two types of spray-on products are currently available. The
first, whichis simlar to the trowel-on product, is applied in a paste-like
form and nust be covered with polyethylene to help cure and protect it. It
Is partially activated and remains in a gel-like state that can be
maintained at 50 percent relative humdity. A serious disadvantage of
certain gel fornulations is their tendency to separate upon noisture
activation, causing |eakage of the binder through cracks in the structure
and possible further noisture |eakage. The second type of spray bentonite
is arelatively new product that dries imediately on application. A
pol yet hyl ene cover sheet is recommended on the second type of spray to
contain the bentonite, even though it is not needed for curing

(2) Capability to Wthstand Mvenent and Cracks. Bentonite clay
products have excellent ability to respond to movenment and cracks in the

structure that occur after installation. Because it can expand to many
times its original volume, bentonite can bridge cracks up to 1/4 inches

(6 nm wide and fill voids created by novenent, provided that these cracks
or voids do not provide a |arge enough path to transmt bentonite particles
and wash them through the crack to an interior void. Extra protection can
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be applied to cold joints or other points where cracking is anticipated by
means of bentonite-based caul king or tubes of bentonite that deconpose in a

manner simlar to the cardboard panels.

(3) Capability to Mnimze Leaks and Facilitate Repair. The sane
expansion capability that allows bentonite to bridge cracks also permts it
to reseal any punctures or holes that may be present in the waterproofing
Anot her inportant advantage is that if any |eaks should occur, they wll
enter the structure near the source of the |eak, thereby nmaking it easier to
locate. This benefit results fromthe full adhesion possible with the
trowel -on and spray-on products; the adhesion prevents water from traveling
away fromthe source of the leak, as it can when a | oose-laid nenbrane is
used. Water can travel somewhat behind cardboard panels unless they are
enbedded in a gel that is applied to the surface.

If a leak does occur and is located fromthe inside of the
structure, it can also be repaired fromthe inside by injecting bentonite
through a small hole in the area of the leak. This type of repair has
consi derabl e cost advantages over having to excavate in order to |ocate and
repair a leak fromthe outside. One drawback of bentonite is that, if
wat erproofing problems occur, options for future repair or replacenent by
other products may be limted because the bentonite is difficult and messy
to renove.

(4) Appropriate Use. Cenerally, bentonite products, particularly
in the spray-on and trowel-on forms, are quite versatile in conparison wth
nost other waterproofing systems. They can be applied to virtually all
types of surfaces, including poured or precast concrete, masonry, and wood
(provided that it is pressure-treated). Both vertical and horizonta
surfaces can be waterproofed with these products; there are no special
requirements for a sloping surface or fast-draining soil. As nentioned
above, these bentonite-clay products can perform effectively against a
constant head of water. Trowel-on and spray-on systems are well suited to
conpl ex geonetries. Bentonite can be applied to curving forns, conplex
penetrations, and on very rough, irregular surfaces such as stone, blocks
or corrugated netal.

The cardboard panels containing bentonite have nore
limtations than do the spray-on and trowel -on products. They are not
recommended for use on block walls unless they are first covered with a
cement plaster coat. Generally, there is nore concern over their
ef fectiveness on horizontal (as opposed to vertical) surfaces

Problens with the cardboard not deteriorating as expected seem
to occur nmore often on horizontal surfaces. |f the panels are used on
horizontal surfaces, a slope is desirable. Finally, the large, flat panels
are not well suited for situations involving conpl ex geometries, curving
forms, irregular surfaces, or numerous penetrations

(5) Application Considerations. Application of each type of
bentonite product requires a different |evel of skill and experience. The
trowel -on product can be applied by relatively unskilled labor. The
cardboard panels require a noderate |evel of skill and experience in order
to avoid pitfalls. The spray-on application requires an experienced
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applicator who has invested in the proper equipment for this application.
Because bentonite is relatively new as a waterproofing product, the nunber
of qualified applicators is limted.

Very little surface preparation is required for the spray-on
and trowel-on products. Rough, irregular, surfaces such as those of spalled
or honeyconmbed concrete are acceptable. The cardboard panels require a
smoot her surface unless they are applied with a gel. One of the mgjor
advant ages of bentonite products is that they can be applied in virtually
any tenperature and humdity. In addition, they are nontoxic.

Acritical element in the successful application of the
trowel -on and spray-on products is that an even thickness of material nust
be achieved. For the spray-on product, a 3/16 to 3/8 inch (4.76 to 9.53 nm
thickness is acceptable, depending on which systemis used. The trowel-on
product requires a thickness of 3/16 inch (4.76 mm, with greater
thi cknesses at corners and construction joints. The thickness of product
remai ning after evaporation of solvents and binders shoul d be sought from
the manufacturer and tested before full application. The application of
these products can be interrupted without |eaving any seans or joints that
could weaken the material. Because bentonite should not be sprayed over 8
feet (2438 mm) high without using scaffolding, it may be necessary to
backfill before spraying higher; thus, application of spray-on waterproofing
products may require nore than one stage. In the second stage of the
application process, it is important not to |eave spillage of bentonite on
top of the first layer of backfill. This would interfere with the
free-draining of the soil.

Pol yet hyl ene and insul ation are usually placed over spray-on
or trowel-on bentonite. Because the bentonite wll reseal around any
punctures, nails can be used to hold insulation in place. One of the nost
i nportant application concerns is to prevent the bentonite fromgetting wet
before backfill takes place. Thus, backfilling must be schedul ed as soon as
possible after the material has been applied and has had tinme to cure
Curing tinme for both the trowel -on product and the nost common type of
spray-on product ranges from4 to 30 hours depending on tenperature and
hum dity conditions. The polyethylene keeps the material fromconpletely
drying out during the curing process. The material is too soft to walk on
without damaging it before it is cured; however, a newer type of spray-on
product dries imediately and can be wal ked on or backfilled imediately.
Backfilling can al so be done i mediately when cardboard panels filled with
bentonite are used.

During the backfilling process, it is inportant to protect the
bentonite from damage. One concern with bentonite applications is that
settling of the earth can drag the insulation down the wall and scrape the
wat erproofing layer off. Because nails can exacerbate this problem they are
not recomrended unless absolutely necessary. A though the polyethylene

hel ps reduce friction from settling, it is nost inportant that the backfill
be conpacted to minimze settling

(6) Relative Costs. The cost of the bentonite products is lowto
moderate in conparison with the other general types of waterproofing
systems. One of the key factors influencing costs with the spray-on product
is sinply the availability of a qualified applicator.
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3. WATERPROOFI NG SELECTION PROCEDURE. The flow charts below (Figures 20
through 26) summarize the criteria in this section as well as the sections
dealing with drainage, structural design and roof or wall details. The flow
charts are not intended to be fully self-explanatory or exhaustive in its
coverage of all considerations. It is provided to ?i ve a framework and
process to the selection of a waterproofing system for known building and
construction parameters.
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(®

EVALUATE GROUND
WATER CONDITIONS

1 2 3
No W 5oil permeability allows No¥ Design for buoyancy f-—
Water table below floor? mechanical drainage? and lateral pressure |
{
Yes Yes :
2 5 {
Yesy Design structure for no i
Drainage failure drainage condition or hd
critical to structure? provide backup pumps }
1
No { }
! |
Provide | ® : ‘
rovide complete
waterproofing for walls (‘ """"" N e e e e -
and floor (and roof)
B
|
|
~N-
(Go to B9 Figure 21)
7 8 9
Normal or [No NOY Dampproofing may be }-—<
above-normal rainfali? Sudden downpours? adequate :
Yes Yes :
|
Bentonite o  S—— {
waterproofing may leak '} H
(|
i i
1) no 12} o 3] |
Soil permeability good? Good backfill available? Increase wall design load : ‘
Yes Yes \ “{W
! i
14 : :
Use soil for backfill i { {
i
/2 * S — S d
15 ]
Provide foundation |
drainage and :
waterproofing for walls i
(and roof) }
‘K. __________________________________________ 4
(Go to Figure 21)
FI GURE 20

Wat er proofing Fl owchart - G ound-Water Conditions
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B

EVALUATE
BUILDING USE
PARAMETERS

Complete humidity 1 No . 2
.and moisture control Use dampproofing
required?
Yes }
|
1
ad
3 Y 4
Reduction of quantity =5 Use waterstops =9
of flow important? 1
- i)
|
}
. 5 Provide concealment ©
V's'b": “t;"",f' No for drainage and ——#
acceptable”? perimeter walis! :
Yes |
Y
Use waterproofi rovide interior e — -
prooting drainage ! -)|
~Y I
! |
i <
N - |
Humidity and moisture Yes include emergency 10 o
contro| extremely provisions and |
critical? monitoring |
No }
{
|
" 12 |
Leak allowed if No Provide pond testing |
repaired quickly? and full inspection ]
Yes H !
; |
! i
13 : |
Use leak localizer I {
system } I
— , |
| ]
—— —— — ——— — i —— ———— - t— ———— St {—— -d

Footnotes: 1. Consider radon release and humidity
) buildup in unventilated spaces.
C (Goto Figure 22) 2. Waterstop may interfere with leak
tracing.
FI GURE 21

Wat erproofing Flowchart--Building Use Paraneters

1.4-79




EVALUATE

ENVIRONMENTAL

CONDITIONS

Application involves toxic
chemicals?

Yes

Use appropriate safety measures

2

Noh—-—----———-———-—————-‘

RS

3

4

Y . . Yes Provide for
Significant chance of chemical es Spills during inspection and
or petroleum spills? construction onty? repair
1
No No :
]
RS
Use resistant product :
{
(._...__.._______.._--_ ________ —————
Soil acids or alkali solutions '] _Yes ' 8
present? Evaiuate product resistance
: =T
Nik -
Significant soil sulphate 9] ves | Do not use bentonite unless  ©
content? specially formulated
No (________ _______________ _{
Adjacent building products "] ves Separate products or change 12
compatibie? products
No (________________ ________ _}
. 131 ves
Corrosive ground water?
No
, 141 ves 15
Freeze-thaw action on wall? ' Do not use inside waterproofing
m;k_ ___________________ i
Waterproofing flexible at 8] No Waterproofing may not bridge
underground temperatures? cracks in wall
YeS Y e e e e - ————— _}
(Go to Figure 23)
FI QURE 22

Wat erproofing Flowchart - Envi ronment al
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EVALUATE

STRUCTURAL
CONDITIONS
. I Corrosion 2} ves 3
Structure likely to crock? protection only? Dampproofing
or iess flexible
Yes No waterproofing
may be odequate
Use waterproofing with 4 T
bridging characteristics |
A Y
e e s s s . s o e e s (s s v e e I o i S e e S S P S P e s J
£
4
Waterproofing applied before 51 ves Design to accommodate 6
loading? deflection at penetrations
— . — ——— —— ——— —— —— > —— -l
Conti t fi 7j_No ®
°ni;;::°fur:;°i:gzgr°?mg Do not use interior waterproofing
V’*;E ———————
Concentration of movement ot ° No . 10 No Good bridging "
expansion and control joints Crocking evenly characteristics
only? distributed? required
Yes Yes {
|
. 12 " e 3]
Detail to accommodate Bridging capability is less Y
movement at joints critical i
ot Sp— pe— J
= 15
41 Yes No hi ity 16
Applied to horizontal surface? Siope provided? ?;e,:‘eg :oﬁjéfy
No Yes i
: (
Vertical application more 17 Quality is less critical if water 18 J,
difficult for some products will not pond |
|
! |
| Sy [ ——
i
i, -
Complex surfaces and/or 9 Yes Spray or trowei-applied may be 20
numerous penetrations? most svitable

—————

Footnotes: 1. Precast concrete will require
(Go to Figure 24) waterproofing with good
bridging characteristics
FI GURE 23

Wt er proofing Fl owchart-Structural

Condi
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EVALUATE

CONSTRUCTION
PROCESS
. - 1 Concrete must 2 3
Speed of construction critical? cure before apply- |¥eSY Possible construction |,
No ing waterproofing? delay =
]
" T |
Waterproofing 4]y, ] Domage to 5 :
requires exposure waterproofing more f
for curing? likely i
Noi J

Temperature/surface restrictions?

6}ves
Must be dry?

Eliminate rough

surfaces: 1
No NOI they hold moisture :
Above 40%F (4° C) 9]ves\ Do not use if 10 :
required? season or climate |
No| are inappropriate I
__________ U <  JE U P
. . 11|No_\ Consider inside waterproofing or 12
Protection and inspection provided? chorf;e conssi.'rw:li?m r:e::o:i 9
@ﬂ& _______________ -
L 13}ves | Extremely 14)ves 15
Smooth application surface? smooth or oily? Clean and prime to
No No improve adhesion
I . 16 Most products 17 ‘|
Liquid-applied polymers less suitable are acceptable )
ii _______ o T __-__-______J
18fYes H ici H 18
Paving or shallow roof cover? zv:':g\‘:izust be sufficient to confine
N:E ________________ I
20} Yes : . 21
[Applied between structural elements? Swelling of bentonite may caouse damage
No¥ o e
. . 22]Yes \| Testing delays backfilling; cannot 23
Pond testing required? pond test in unconfined bentonite
o — ——
. . No_3\| Bentonite requires close backfill 25
Immediate backfill scheduled? for protection from rain
Y&B} _______________ _Jﬁ
Special equipment, experience, or 26]Yes 27 INo 28

licensed applicators required?

Locally available? Size of job shouid

No

 (Go to Figure 25)

S | S —

justify imported
labor

FI GURE 24

Wt er proofing Fl owchart-Construction Process
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EVALUATE

PRODUCT RELIABILITY
AND CONTRACTUAL
RELATIONSHIPS

Does manufacturer have a good track '] No \
record? 7
Yesl
Has product farmulation been changed 2] No A
within the past 2 years? 4
)
Is manufacturer willing to provide 3] No N\
reference projects? 7
Yes
Does the monufocturer have o good 41 No 5
litigation history? Reevaluvate or test product
) Yes E__. _____ P
Is a full-responsibility guarantee 6] No N
available? ’
. No \
Monufacturer endorses applicator? 7
Yes
Applicator wili approve surface 81 No \
preparation? 4
Yes
Applicator will install or supervise 9) No \
waterproofing protection? 4
Manufacturer confirms suitability of 10] No N\
product for the project? 4
Yes
Reduces contention of responsibilty for 11 Increases division of responsibilty 12
waterproofing failure for waterproofing failure
L
I
1
|

e

@ (Go to Figure 26)

FI GURE 25 -
Wat erproofing Flowchart--Product Reliability and Contractual Relationships
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EVALUATE
PRODUCT PERFORMANCE
AND COST

Does product durability match 1§No
anticipated conditions?

~-

Yes

Does product stability match economic 2 No
life of the building?

p

Yes

Is the capabilty to withstand movement 31INo
and crocking acceptabie?

<~

<

Does product meet requirements for 4INo &
localizing leaks? Y

5
NO

Is repairabilty acceptable? >

Yesl
Is the number of repair options i L \
acceptable?

Yes
Does the product provide greater 7] No . 8
reliability for the increased cost? Select different product :

Yes

e e e o e e e e i i e e e e o
FI GURE 26

Waterproofing Flowhart - Product Performance and Cost
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Section 14. | NSULATION

FI GURE 27 FI GURE 28
Heat Flow from Buried Structure Heat Flow from Buried Structure
in Wnter in Summer

1. EFFECT OF INSULATION ON THERVAL PERFORVANCE

a. Reduction of Heat Flow Figure 27 schematically illustrates the
heat flow through the ground from an uninsulated buried structure for nearly
steady-state md-winter conditions. The solid lines indicate the direction-
of heat flow. It can be observed that the highest heat flux is experienced
through the roof and the upper portions of the walls. Introducing
insulation into this picture will nodify both the direction and the
magni tude of the heat flux. Cearly, the portions of the building shel
nearest the surface require the nost insulation. However, before non-uniform
insulation strategies are chosen, particular care nust be taken to ensure
that thermal short circuits around or through the insulation--via relatively
hi gh conductivity paths in the walls or soil-are elininated.

Figure 28 schematically illustrates a hypothetical heat flow
pattern for summer conditions. In this case, the ground surface is warmer
than the tenmperature within the building and heat will flow into the
bui I ding through the roof and out of the building to the cooler ground at
greater depths. Insulating the roof under these conditions would reduce
unwanted heat flow into the building but insulating the |ower portions of
the structure would retard desirable heat flow out of the structure

b. Thermal Stability. Placement of insulation outside a high-mass,
earth-sheltered building structure, such as concrete, wll enhance the
thermal stability of the building since the mass inside the insulation
envel ope will be available to noderate room air tenperature swings (for
exanpl e, those due to passive solar gain).
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Earth-sheltered structures have a strong capacity to maintain very
even tenperatures despite high levels of passive solar gain in the wnter
Furthernore, when all sources of heat are renoved from the building, the air
tenperature will fall slowy because of the heat stored in the walls and
earth around the building. Even tenperatures result from the typical use of
heavy materials for the structure. These can absorb heat during the day and
rel ease the heat at night-but daily tenperature fluctuations are not
significantly affected by the earth outside the structural mass. Hence
interior insulation which isolates the structural mass of the building from
the interior environment wll increase the magnitude of daily tenperature
fluctuations, whereas exterior insulation will not.

2. AMOUNT OF | NSULATI ON.

a. Cimte. Insulation schemes for northern climates will not be
appropriate or cost effective for cooling-domnated climtes. Since a
primary benefit of insulation is in reducing winter heat |osses, insulation
requirements can be reduced or possibly elimnated in areas where winters
are less severe. Cooling conditions are usually enhanced by using no
insulation on the surfaces in contact with cooler ground. Hence, a bal ance
nmust be struck between the heating and cooling needs for a particular area

Al though insulation requirenments nust be evaluated on an individua
basis, Table 3 may be used as a general guide to cost-effective
suppl enentary insulation values for different areas of the country for snall
envel ope-dom nated buildings. (No detailed cost-benefit analyses have been
carried out to determne nore precise figures.) Large buildings with high
internal heat gains may not require these levels of insulation even in cold
climates but before reducing insulation levels a useful purpose should be
sought for the excess heat.

Where cooling is the domnant concern, thermal performance is
enhanced the nost by elimnating insulation where appropriate rather than
reducing insulation |evels.

h. Internal Heat. Large-scale buildings--office buildings as well as
those involving process heat-usually have a year-round cooling requirenent
in interior zones of the building. The anount of insulation to use in such
a building must be considered in conjuction with (1) the amount of energy
used for cooling it, (2) the HVAC zoning plan for the building (that is,
exterior zones cannot be too cold), (3) the possible use of excess energy in
other buildings, and (4) the probable future reduction of energy release
wi thin the building.

C. G ound Misture. The thermal conductivity of nost soils can
increase greatly as soil conditions change fromdry to very moist: Al though
the heat loss will undoubtedly increase when the ground adjacent to a

building is wet, the effect on the building may be reduced by the follow ng
condi tions.

(1) Conductivity Versus Heat Flow Path Length. As the ground
thermal conductivity increases, the zone of warnmed earth around the building
will spread further out. For deep-ground heat loss, this will mean a higher
conductivity but a longer heat flow path thus reducing the inpact of the
Increased conductivity on actual steady-state heat |o0ss
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TABLE 3
Suggested Resistances for Insulation

Climatic Region Suggested Range of Supplemental Insulation’
Heating Degree Cooling Degree Roofs and Lower Wall * Remote Floor
Days, Base 65°F Days, Base 65°F Upper Wall * Areas *
8,000 - 11,000 0-500 R20-R40 R5-R20 none-R5
5,000 - 8,000 500 - 1,500 R20-R30 R3-R10 none-R5
2,000 - 5,000 1,500 - 2,500 R10-R20 none-R5 none
less than 2,000 more than 2,000 R10-R20 none

Footnotes:
This table should only be used as a general guide for envelope-dominated buildings.

1. Section 14 discusses distribution of insulation and exceptions to the norms presented in the table.
Values are expressed as thermal resistance in ft*h°F/Btu.

2. Earth covered roofs with 12 inches to 30 inches (300 mm - 760 mm) of cover and walls within 8 feet
(2440 mm) of the ground surface. In cooling-dominated regions, upper wall insulation will depend on
adjacent ground temperatures.

3. Earthcovered wall surfaces further than 8 feet (2440 mm) from the ground surface.

4. Floor areas more than 10 feet (3050 mm) from the ground surface which are not used as a solar storage
areas or for heat distribution.

1 Btut/h ft*°F = 5.6783 W/m’K

(2) Portions of the structure close to the ground surface wll
usual Iy have substantial insulation in addition to the ground cover. In
this case, the earth provides only a small conponent of the overall steady
state R-value but functions primarily as a thermal mass and tenperature
moderator. The thermal diffusivity of the soil (a conbination of specific
heat and conductivity which neasures the speed at which heat wll propagate
through the material) is not as greatly affected by an increase in noisture
content.

Seasonal changes in ground noisture content can provide an energy
advantage in sone climates. In northern climates, ground freezing and
winter snow cover conbined with heat loss froma building will tend to dry
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out the ground adjacent to the building, Lowering the heat Loss. |In summer,
when the ground surface is open to percolation and subject to higher
rainfall, an increase in ground moisture content wll promte sunmmer
cooling. Oher climates, for exanple, where heaviest rainfalls occur in
winter and dry conditions exist in the summer, nay reverse this situation.
Wiere very moist ground or the ground-water table is adjacent to a building
in the heating season, consideration should be given to increasing
insulation levels in those areas of the building affected (bearing in mnd
the loss of cooling capacity in the sumver this will cause). Flow ng
ground-water adjacent to an underground structure should be given particular
attention

d. Ease of Adding Insulation. After analyzing the basic insulation
requirements of the structure for cold clinmates, it my be worthwhile in
regions with severe winters to consider adding extra insulation. Wen the
insulation is added outside the structure, there is no structural limt to
the amount of insulation that can be added. Because there should be only a
smal | increase in the labor cost of placing additional insulation, higher
insulation levels may be nore cost effective despite the dimnishing
rate-of-return on higher insulation |evels.

3. DISTRIBUTION OF | NSULATI ON AROUND THE BUILDI NG ENVELCPE.

a. Qptimum Distribution for Mnimzing Heat Loss. To mnimze total
heat loss from a structure under steady-state heat |oss conditions
insul ation should be distributed so that the rate of heat loss through al
areas of the structure is the same. The |owest heat |oss froman
uninsul ated structure (in a uniform material in md-wnter) occurs at the
center of the buried floor of the structure. The highest heat |oss occurs
at the upper portions of the building. Consequently, insulation should be
added to the upper portions of the building so that heat flow from all
surfaces is approximately equal

The resulting optimum insulation pattern would be simlar to the
solid line in Figure 29. The optimum insulation pattern is also affected by
each corner of the structure because an area of wall near or at the corner
has a | arger zone of ground adjacent to it through which to |ose heat. The
same situation will also occur as a three-dinensional effect at the ends of
the building-an effect that creates an inherent inaccuracy in any
t wo- di mensi onal heat Loss nmodel. It is reasonable to assune such a
steady-state heat flow pattern in a cold climate in md-winter but not under
nore variable or warmer conditions. In addition, stopping insulation
abruptly will radically alter heat flow paths in both the wall and the
soil. This can be seen in Figure 30 (based on Reference 8, Effect on
I nsul ation Placenent, by Meixel). Hence, the insulation pattern in Figure
29 should be used as an aid to understanding rather than a fixed requirenent.

Line "B in Figure 29 represents a guide to the relative placement
of insulation around an underground structure to mnimze the total heat
loss per unit of insulation. These guidelines do not determne the anount
of insulation to be used, but only the suggested distribution. Lower |evels
of insulation would be optimzed by subtracting a constant thickness of
insulation around the structure from the previous distribution (line "A")

H gher levels would be optimzed by adding a constant thickness of
insulation (line "C).
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FI GURE 29
Optimum Insulation Pattern for a Buried Structure
(Heating Conditions Only)
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1 Btu/h ft*= 3.1546 W/m? (3) 4 inches (100 mm) extruded polystyrene insulation to top of tooting

FI GURE 30
Sinul ated Bel ow G ade Heat Fl ux
(February, M nneapolis)

Because the continuous distribution shown in Figure 29 cannot be
adhered to exactly when using rigid sheets of insulation, a practical
approxi mation should be made after the optimum cooling placenent for
insulation has been considered. See Figure 31 for an exanple.

The two-dinmensional section shown through the building does not
illustrate all the high heat |oss areas that should receive thicker
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FI GURE 31 FI GURE 32
Optimum Insulation Placenment Areas Requiring Extra Insulation
(Heating Conditions Only)

insulation. Figure 32 indicates other surface areas of an underground
structure requiring extra insulation because they are also close to the
ground surface--for example, walls close to exterior retaining walls and
sections of floors close to a wal kout |evel.

b. Optimum Distribution For Maximzing Cooling. Wien cooling
requirements are the nost inportant, it is desirable to maxinize the heat
flowinto the ground to aid in cooling the interior of the structure. \Wen
the ground tenperature is below 78°F (26°C), insulation will only retard
heat flow out of the structure and hence will detract from the maxi mum
cooling effect. FElimnating insulation will also slightly |ower the
interior surface tenperature of walls in contact with the ground. This can
increase human confort by the radiation of heat from the body to the cooler
wal | surfaces. In very hot climtes, (where the roof and the upper wall
surface may be warner than 78°F (26°C)), insulation of those areas wll help
retard additional heat flow into the structure.

. Conprom ses.  \When designing for both heating and cooling
requirenments, sonme sacrifices in optinum insulation placenent for each
condition will be necessary. The obvious conpromse in climtes with
bal anced heating and cooling requirenments is to reduce or leave off the
insulation in those areas where the heat loss in winter is smallest--for
exanple, floor areas remote from the ground surface and the |ower areas of
walls nore than 7 to 10 feet (about 2 to 3 m) fromthe ground surface.

Cimates with severe winters and little cooling requirenent can be
optimzed for the winter condition. Predonmnantly overheated climtes will
only require insulation for portions of the structure which will be in
contact with ground tenperatures above 78°F (26°C).
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d. Insulation as a Protection Board for the Wterproofing. Wen
applied to the outside of the structure, waterproofing usually requires
protection from damage during backfilling. A though froma thermal point of
view it mght be nost economcal to stop off the insulation conpletely
partway down the wall, a nore effective overall conpromse (for one- and
two-story structures) may be obtained by carrying a small thickness of
insulation down to the footing to serve as the protection board. The
exception to this procedure would be in cooling-donmnated clinates where
insulation is actually detrinental to annual performance. Under these
conditions, a protection board with high conduction properties should be
used.

e. Passive Solar Gain Areas. Wen a floor is being used for direct
passive solar gain, insulation can be placed below the slab to maintain a
hi gher slab tenperature and thus inprove re-radiation (see reference 7).

f. Insulation as a Protection Against Cold Floors and Condensation. It
is desirable in earth-sheltered structures to reduce the sensation of cold
floors and walls during the heating season. Insulation outside the
structure does not significantly raise the surface tenperature inside the
structure. The main reason for the common perception of cold floors is that
material s such as concrete or tile can rapidly conduct the heat away from a
hand or foot, whereas a wood flooring or carpet locally insulates the part
of the body in contact with it. Thus, the sensation of warmer floors or
walIs is best obtained by using appropriate interior finishes rather than by
exterior insulation. After the building has been in operation for a few
months, the interior surface tenperature will be primarily controlled by the
interior air tenperature adjacent to the surface, together with any
radiation falling on the surface. In the case of no radiation, an
uninsul ated floor or wall remote from the ground surface will usually have a
surface tenperature within 4°F (2°C) of a relatively stable air
tenperature. A small amount of insulation outside the wall wll probably
not raise the surface tenperature by nore than 1°F (0.5°Q).

Mich the sanme argument applies to the prevention of condensation.
Interior surface tenperatures (except passive solar areas) wll probably be
raised only 1°F (0.5°C) or less by adding exterior insulation. Conpared
with the uninsulated wall, this added insulation will only elimnate
condensation problenms when the dewpoint lies in the 1°F (0.5°C) range
between the two potential surface tenperatures. This small inprovement is
not enough to guarantee a greatly superior performance to the insulated
case. If condensation is a real problemin a particular climte, a smal
amount of interior insulation or a vaporbarrier on the warm side of an air
gap will ensure that the surface on which condensation could occur wll be
essentially at the interior air tenperature. Qherw se, provisions for
occasi onal dehumdification can be nade

Abruptly stopping insulation can cause worse condensation problens
than if the wall were not insulated at all. The insulation keeps the ground
tenperatures outside it cool--an effect that spills around the edges of the
insulation, causing the section of wall inmediately adjacent to the
insulation to be cooler than the insulated section and the rest of the
uni nsul ated section (see Reference 9, Heat Loss Through Basenent Walls and
Fl oors, by Houghten).
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. Insulation for Thermal Breaks. Neglecting thernmal breaks can cause
significant heat loss in an otherw se well-insulated building envel ope. A
thermal break refers to the insertion of insulation in parts of the building
where a high conductivity material is in contact with both the inside air
and the outside conditions. Al though these sections usually have a
relatively small area, they can begin to domnate the heat loss as the
overall insulation of the building is inproved

Thermal breaks can be provided by inserting small thicknesses of
insulation at appropriate points within the structure or by wapping the
exposed structural element with insulation. An exanple of thermal break
| ocations is shown in Figure 33.

4. LOCATION OF INSULATION. It is recomrended that insulation be placed
only on the outside of the structure and the waterproofing envel ope. This
insulation must be extruded polystyrene or neet the requirements of
paragraph 5 bel ow.

Insulation may also be placed within the soil mass as shown in Figure
34.  The advantage of this location is that it increases the cooling benefit
if the soil tenperature is lower than the indoor tenperature. However,
winter heat loss for this location can be up to twice as high as for an
equi val ent amount of insulation placed directly on the wall. This location
should, therefore, be considered only in climtes with cool soil
tenperatures and for exterior earth-contact zones which have doninant
cooling requirements. Backfilling will also be nore difficult with this
arrangenment. Wen cooling is not the mjor consideration, placenent
directly adjacent to the structure should be the nost practical solution.
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TABLE 4
I nfluence of Misture Boundary Conditions on the 100-Day
Moi sture Gin of Various Insulations

100 day moisture gain (percent of dry weight)

Insulation Condition A Condition B
Fiberboard, 1 inch (25 mm) 55 140.0
Perlite board, 1 inch (25 mm) 2.0 90.0
Cellular glass, 1 inch (25 mm) 0.7 11.0
Expanded bead polystyrene, 1 inch (25 mm) 0.2 1000.0
Extruded polystyrene, 1 inch (25 mm) 25 55
Urethane with asphaltic skins, 1 inch (25 mm) 4.0 160.0

Composite of 1 inch (25 mm) urethane with
asphaltic skins and 3/4 inch (19 mm)
perlite board below 45.0 340.0

Moisture Boundary Conditions

Vapor pressure difference

Cold side Dew point an across sample
Condition vapor seal warm side (in_Hg)
A No No (70% RH there) 0.66
B No Yes 1.03

Footnotes:
1. The relatively low vapor permeability of the skins causes the dew point to occur within the sample.

5 INSULATION TYPE. A few research reports (see Reference 10, Laboratory
and Field Investigations of Misture Absorption, by Dechow and Reference 11,
Moisture Gin and its Thernal Consequences for Cannon Roof Insulation, by
Tobi asson) conpare the performance of the najor types of exterior i1nsulation
under various moisture exposure conditions. Wen used without waterproofing
or a vapor-retardant facing, extruded polystyrene clearly outperforns
expanded pol ystyrene (beadboard) and extruded polyurethane in reducing

moi sture absorption and retention of its insulating capabilities. Table 4
shows the absorption of noisture by various insulation products under
differing noisture boundary conditions.
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~OF the insulation types shown on Table 4, only two have an acceptable
resistance to moisture absorption. These are cellular glass and extruded
pol ystyrene.

Al bel owgrade insulation nust meet the noisture absorption resistance
of these two products as measured under condition "B in Table 4.

I nsul ation which is used above grade or on the interior of a building
must neet the fire requirements of NAVFAC DM 8 and DCD 4270. 1M

6. | NSTALLATI ON.

a. Met hod of Adhering Insulation. The nethod of fixing the insulation
to the wall or waterproofing nmenbrane should not cause damage to the
menbrane if settlenment of the backfill adjacent to the building occurs and
causes drag forces. To help avoid these problens, the backfill should be
wel | conpacted in several layers. Refer to NAVFAC DM 7 Series for soi
conpaction criteria

b. Backfilling. Backfilling procedures on the roof of the structure
over the insulation should not involve pushing earth into place, as this can
shift that insulation and create uninsulated gaps. FEarth or gravel should
be tipped just ahead of the previously covered portion and the new materia
| evel ed-of f in place.

C. Prior to Backfilling. A layer of polyethylene outside the
insulation can prevent dirt from being worked between the insulation boards
during backfilling and can help the insulation remain dry. The pol yet hyl ene
should be laid loosely at the edges of the building to allow drainage if any
wat er shoul d penetrate the sheet (see subparagraph above).

d. Thermal Short Gircuits. Care nust be taken to avoid thermal short-
circuit effects in transitions from above- to bel owgrade insulation
methods. Refer to Section 15, Roof and Wall Details, for exanples of
thermal breaks.
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Section 15. ROOF AND WALL DETAILS

—
T Masonry pavers with cement/ sand joints (slope to drain)
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Membrane waterproofing (adhered to concrete)

f—————Centerline of two-level drain

Structural concrete deck (slope to drain)

FI GURE 35
Drain at Brick-Paved Roof--Bitumnous Setting Bed

1. GENERAL. As necessary, each detail in this section will be discussed in
terms of cost effectiveness, energy efficiency, constructability, quality
control, resistance to failure or deterioration, repairability, maintenance
inplications, fire resistance, and warranties. Al details nmust be
evaluated for (1) suitability to climate and (2) suitability to the type of
functions to be housed. Freeze-thaw, which is an inportant consideration in
northern climates, is an exanple of the former. Live |oads, vapor
transmssion and interior finishes are exanples of the latter. As

necessary, the discussion of the recomrended details will include climtic
and functional suitability.

2. RECOWENDED DETAILS. The details are presented in the follow ng order
(1) roof construction (including control joints and expansion joints), (2)
edge conditions for roofs (including conditions at abutting walls), (3) wall
construction at grade level, (4) wall construction at retaining walls, and
(5) wall/floor construction at footings. Al of the details involve

wat erproofing and nost of the details involve insulation. The installation
methods for different kinds of waterproofing and insulation are discussed in
sections 13 and 14.

a. Area Drain at Paved Roof--Pedestrain Traffic--Mniml Freeze-Thaw

Cycles. Refer to Figure 35. The intent of this detail is to provide an
econom cal plaza surface of brick pavers with a mninumtotal depth between
the high point of the paving and the bottom of the structure.

This detail applies to all concrete deck systens. However, a
separate concrete topping above the structural deck should be avoided since
this may allow horizontal water migration in the event of a leak. This
woul d make locating the actual source nore difficult. The concrete surface
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nust have a positive slope to the internal drains or the roof edges. The
sl ope should not be less than one percent. A greater slope is recomended
in the vicinity of the drain so that any water backing up from the drain
(because of partial freeze-up or clogging conbined with a heavy rain) wll
not extend too far back from the drain.

The wat erproofing shoul d be adhered to the concrete deck. The
fini shed surface of the concrete nust be acceptable for this. (The finish
required will depend on the waterproofing.) The waterproofing is terninated
inaclanp ring at the drain (some manufacturers may call for an extra ply
at this critical area). The insulation, in this case, serves as the
protection board for the waterproofing

The drain must be accessible for cleanout. The drain shown is an
all-level drain with a perforated collar and removable drain cover. A
stainless steel mesh is placed around the |ower portion of the drain to
prevent adjacent construction material fromwashing into the drain. Washout
of materials is just as critical to the stability of the paving construction
as it is to the clogging of the drain. The drain should have a renovable
internal strainer or filter.

In climates having frequent freeze-thaw cycles, it is advisable to
cut back the insulation thickness around the drain so that heat from the
space bel ow can prevent ice fromformng inside the drain. The insulation
nust not absorb water. However, in order to preserve the thermal value of
the insulation, a layer of polyethylene sheet can be placed over the
insulation. Mst of the water entering the paving construction will then be
channel ed away above the insulation. The effectiveness of this depends on
the proper direction of overlap for the polyethylene sheet, sealing of the
edges of the polyethylene, the slope of roof, and the effectiveness of the
drai nage course. The insulation should be placed in two layers with joints
st aggered.

The protection boards serve to protect the polyethylene sheet,
should it be used. The protection board as well as the polyethylene sheet
are optional. In terns of mamintenance and potential future damge
especial |y where the roof cover is soil, the protection board is an added
precaution for stakes and other objects that may be driven into the roof
cover.

The gravel |ayer serves three purposes; first, to provide a primary
drainage layer for water (especially if the polyethylene sheet is installed
below 1t); secondly, to provide a base for the bitum nous; and, thirdly, to
provi de protection to the insulation fromthe hot bitum nous. The gravel
|l ayer may be omtted if the following is done: (1) the thickness of the
bitumnous is increased-use a |-inch (25-mj sand asphalt |eveling bed over
a 2-1/2-inch (63.5-mm) bitum nous hot-mx underlayment, and (2) an asphalt
protection board is placed over the insulation.

The brick pavers are set in the bitumnous inmediately after
leveling, while the bitumnous is still hot. Aternatively, the bitumnous
may be rolled and covered with a |/4-inch (6.35-nm neoprene setting bed.
The main advantage of bitum nous over concrete in this case is the econony
of construction and the reduction of cracking in the brick pavers. A
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Masonry pavers on sand bed with sand joints

Stone or precast drain cover
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bottom layer to form drainage channels)

————— Membrane waterproofing (adhered to concrete)

FI GURE 36
Drain at Brick-Paved Roof-Sand Setting Bed

concrete base with pavers grouted in place would also create a thicker roof
section (if the drainage course were also required) resulting in a higher
dead load on the structure (however, paving equipnent will be required for
the bitumnous), and would require control joints aligned with the contro
joints in the pavers. The disadvantage of bitumnous is that it has Iess
strength to resist stresses from frost and thermal novenent. In extremely
warm conditions, the bitumnous will tend to soften and will not support
heavy concentrated |oads. Consequently, this detail is suited to pedestrian
traffic and Iight maintenance vehicles only.

The paving should be sloped to the drains (1 percent slope mninum
in order to drain as much of the water as possible before it soaks into the
paving construct ion. The joint at the drain should allow for latera
movenent of the pavers (use expansion material) and should be caul ked. I|f
bitum nous is used as a base, the pavers should be at |east 2 inches (50 nmm)
thick. The joints are filled with a cenent-sand dry mix. The pavers may be
as thin as 3/4 inch (19 nmm if concrete is used with a 1/4-inch (6. 35-m)
mnimum nortar bed. In this case, the joints in the pavers should be
nortar ed

b. Drain at Paved Roof--Frequent Freeze-Thaw Cycl es--Pedestrian
Traffic. Refer to Figure 36, This detail serves the same function as the
previous detail, the major difference being that is is better suited to
harsh northern climates. The major disadvantages of this type of
construction are that (1) it is less capable of supporting traffic than the
previous detail, (2) snow removal by light equipnment may cause nore damage
because the bricks are not adhered or grouted, (3) the slope of the concrete
slab becones nore critical since nore water will reach the
menbrane/insulation layer, and (4) the joints are a potential place for
weeds to grow (however, this can be renedied by chem cal spraying--an
addi tional naintenance consideration). The najor advantages over the
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previous detail are (1) tolerance to freeze-thaw cycles and (2) econony of
construction.

The pavers may be sloped to the drain--however, only a slight slope
(1 percent maxinmum should be used to prevent eroding the sand in the
joints, especially in the vicinity of the drain. The stainless steel frane
at the drain serves to hold back the sand cushion as well as the adjacent
pavers

A filter fabric nust be installed between the sand cushion and the
drai nage |ayer to prevent the washout of sand into the drainage |ayer. The
drainage layer will carry nmore water than the one in the previous detail
Consequently, in this case, the polyethylene sheet above the insulation
becones nore useful.

Criteria for the other conponents of this detail are the sane as
for the previous detail. The remaining commentary for this detail wll
di scuss the location of the drainage |ayer. The main purpose of the
drainage layer is to prevent or reduce freeze-thaw action in the paving and
to reduce the anount of water in the paving. The gravel in this |ocation
also serves to hold down the insulation during construction. Consider what
woul d happen if the insulation were |ocated above the gravel drainage
layer. First, the thermal mass above the insulation will be decreased and
simultaneously, the interior warmer tenperature gradient wll be brought

closer to the surface. 1In a cold climte, the warnmer substrate will cause
thawing to occur to a greater depth. The freeze-thaw cycles in the paving
will be increased by a decrease in the thermal mass. If snowis left on the

paving to thaw, the paving will beconme saturated with nelt-water. Renova

of this water is inproved by elimnating as nuch capillary rise as

possible. The gravel provides a capillary break. Free flow of water will
take place in the lower portion of the gravel layer and in the insulation
layer in the joints between the insulation and under the insulation. The
thi ckness of the gravel drainage |layer can be reduced if the flow in the
insulation is inproved. This can be done by cutting drainage channels in
the underside of the insulation. This should be done by the supplier before
the insulation is delivered to the job site.

If heat loss is a concern due to the water in the insulation |ayer,
pol yet hyl ene sheet can be placed over the insulation. The edges shoul d be
overlapped and sealed. Further, if puncturing of the polyethylene is a
concern, a thin layer of dimensionally stable protection board can be placed
over the insulation. The polyethylene will restrict nost of the water flow
to the gravel layer and will decrease the rate of drainage within the

insulation so that the water does not remove as nuch heat on its way to the
drains

C. Area Drain at Concrete Paved Roof--Light Vehicular Traffic. Refer
to Figure 37. In this condition, the drainage Tayer is omtted. The anount
of water reaching the level of the waterproofing is small (this water wll
tend to collect at the menmbrane waterproofing and drain between the joints
in the insulation). The concrete (which is reinforced) is divided into
panels to allow for expansion and contraction and to mnimze freeze thaw
action. The joints are formed with expansion material and sealed. (The
sealant is necessary to reduce water penetration.)
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FI GURE 37
Drain at Concrete-Paved Roof
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FI GURE 38
Drain at Paved Roof-on Pedestals

Both the paving and concrete deck nust slope to the drain. The
sl ope of the concrete deck, however, should be increased adjacent to the
drain to help evacuate back-up water that has entered fromthe top of the
drain. The drain itself nust withstand |ateral stresses and nust have a
removabl e drain cover for cleanout and inspection. A renovable internal
strainer or filter is also necessary.

d. Drain at Paved Roof-Frequent Freeze-Thaw Cycl es--Pedestrian
Traffic. Refer to Figure 38. This type of construction solves the
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FI GURE 39
Drain at Earth-Covered Roof

freeze-thaw problem by setting the pavers on pedestals. The pedestal shown
I's a manufactured product and is adjustable over a range of heights.
However, other pedestals such as concrete blocks or concrete may be used
(consult a local contractor on the relative material/labor cost). The
pavers are typically 2 to 4 feet in width (about 600 nmto 1200 nm). The
size affects labor costs as well as the thickness required for the paver)
The weight of the pavers should be sufficient to counter buoyancy of the
insulation in the event that the roof becones flooded. Nornally, the
thickness of the insulation will be considerably Iess than the thickness
that would be required to produce buoyancy probl emns.

The insulation nust tolerate water without losing its thermnal
resistance. Cellular glass or extruded polystyrene (staggered in two
| ayers) is recommended for this. |If extruded polystyrene is used, the
insul ation nmust be covered with a durable protection board to protect the
insulation fromfire as well as objects which may be poked through the
joints in the pavers.

Two inportant operational advantages of this system are that (1) it
allows easy access for repairs and maintenance, and (2) it provides
ventilation of the construction which promotes evaporation of water as wel
as cooling (by reducing heat build up). Consequently, the same detail wth
a pea-gravel setting bed in lieu of the pedestals would not be as desirable
functional ly (although it mght be |ess expensive initially). An additiona
advantage, aesthetically, is that the pavers can be installed |evel rather
than sl oped

e. Area Drain at Earth-Covered Roof. Refer to Figure 39.

(1) Conponent Parts of an Earth-Covered Roof. The roof
construction shown Figure 39 has six principal parts which nust be provided
for all earth-covered roofs. These consist of the follow ng
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(a) Soil Layer. The soil thickness and mxture nust be
adequate to support the selected vegetation. An irrigation system nay also
be required depending on the type of vegetation and the thickness of the
soil layer (see Section 8, Planting and Irrigation).

(b) Soil Separator. A soil separator nust be provided. This
may consist of a manufactured filter fabric, an inprovised filter mat (such
as fiberglass insulation). Both have the function of preventing smaller
particles fromentering the bottomdrainage layer. Filter fabrics, however
have the additional advantage of discouraging plant roots from penetrating
into the drainage |ayer.

(c) Drainage Layer. Sometines referred to as a percolation
| ayer, the main function of the drainage layer is to allow water to mgrate

to the drain (or roof edge). In some instances this layer may be placed
adjacent to the waterproofing with an intervening layer of staggered
protection board. In nost situations, however, it is economcal (and

equal |y effective) to install the insulation directly above the

wat erproofing system rather than introducing a layer of protection board
under the gravel, which, in turn, nust be carefully leveled to receive the
insulation boards. In either location, pea-gravel is recommended for ease
of placenment and |eveling.

(d) Insulation. The insulation nust be capabl e of
withstanding subnersion in water wthout substantial loss of its thernal
resistance. Extruded polystyrene is suitable for this. The insulation
should be installed in at least two |ayers with staggered joints. This wll
improve the thermal integrity at joints as well as prevent materials from
reaching the waterproofing layer through the joints in the insulation. A
pol yet hyl ene sheet may be added above the insulation layer to help confine
water to the drainage |ayer. The edges of the polyethylene nust be
overl apped and sealed to be effective. A'so, a protection board |ayer may
be added as a construction consideration to help protect the polyethylene
and to provide additional protection from stakes and other objects driven
into the soil.

(e) Waterproofing. The type of waterproofing chosen depends
on the construction nethods, timng, type of structural deck and cost
considerations (see Section 13, Waterproofing). |f bentonite waterproofing
Is used, a layer of polyethylene over the bentonite is recomrended. This
prevents the bentonite from eroding in concentrated flow areas such as at
the joints in the insulation, for exanple. The polyethylene also serves as
a rain cover for the bentonite before placement of the gravel and soi
layers. The edges of the polyethylene nust be overlapped and sealed to be
effective. If bentonite is used for the waterproofing, it may also be used
to seal the polyethylene.

(f) Structural Deck. In nmost instances, the structure wll
be cast-in-place concrete, however, other systems including precast
concrete, concrete fill over metal deck, and wood plank may be used,
depending on other design criteria. In all cases, the surface of the deck
must slope to drains or roof edges and have a finish suitable for the
sel ected waterproofing.
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FI GURE 40
Pipe Penetration at Paved Roof

(2) Interior Roof Drains. The drain shown in Figure 39 is an
all-level drain with a perforated collar, renovable drain cover, and
renmovable internal filter. The perforated collar nust be wapped in a
stainless steel mesh to prevent the erosion of the gravel |ayer around the
collar. Bentonite waterproofing, if used, nust terminate at least 1 foot
(300 mmy back fromthe drain (refer to the manufacturer's technical notes)
and overlap a layer of nmenbrane waterproofing adhered to the concrete deck
and drain flange. |f nenbrane waterproofing is used; this should extend
into a clamp ring as well. The drainage pan and flange detail shown in
Figure 39 are for fluid applied waterproofing. Using a drainage pan, as
shown, reduces the potential for the bentonite to erode around the drain,
|l eading to clogging of the drain. An increased rate of slope around the
drain will reduce the extent of backup water and thus help prevent erosion
of the bentonite near this condition.

In Figure 39, a concrete collar is provided around the top of
the drain. This collar helps hold back grass and lawn clippings and reduces
soil erosion where other types of planting may be used. Wth a snaller
tributary drainage area and a soil surface that is graded flat, the concrete
collar may be omtted. |In this case, a solid drain cover may be used
Drain collars should be wapped in filter fabric and the collar should not
be perforated at the soil layer. If it is possible for the roof to flood
because of acontinuous parapet for exanple, the drains nust have a grate or
strainer at the top. In addition, should flooding be possible, overflow
drains would have to be provided. Overflow scuppers are not recommended.

If an overflow (either drain or scupper) is not provided, then the structure
and the parapet nust be designed to hold the water.

f. Pipe Penetration at Paved Roof. Refer to Figure 40. This detai
illustrates a pipe penetration through a roof paved in concrete. However
this type of solution will work equally well for other types of paving
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FI GURE 41
Expansion Joint at Earth-Covered Roof

situations as well as earth cover. The basic strategy in this solution is
to elimnate flexible connections above the roof and to restrict al

novenent bel ow the level of the structural deck. This reduces the

vul nerability of the connection above the roof construction and also allows
a neater-|ooking appearance. This particular detail uses a pipe sleeve with
concrete anchors. After casting the assenbly in the concrete, the steel
pipe is then welded to the top and bottom edges of the pipe sleeve. An
alternate solution that would work equally well would be to weld the
concrete anchors to the section of vent pipe and to cast this into the
concrete directly. The end of the pipe is threaded so that proper
connections can be made using manufactured expansion joint assenblies.

The waterproofing illustrated is nenbrane waterproofing. Normally
the manufacturer will call for additional plies to be used at this critica
point. The vertical legs of the nenbrane waterproofing nust be term nated
sothat it can be caul ked with a conpatible waterproofing material
Different manufacturers wll have different recomended nethods for
termnating the waterproofing, however, and reference should be nade to the
technical information for the product selected. Expansion material should
be used around the pipe to reduce stresses on the pipe. The joint at the
surface should be sealed. |f the roof is earth-covered, the soil should be
shopedbﬁmay fromthe pipe. Sloping the concrete away fromthe pipe is also
advi sabl e

Expansi on Joint at Earth-Covered Roof. Figure 41, illustrates a
condition at an expansion joint at an earth-covered roof. Because of the
continuity of the insulation, the plastic air stop below the expansion joint
is not required. However, a simlar type of construction for the
waterproofing will be required. In the detail, bentonite waterproofing is
the main waterproofing for the structure. The bentonite nust overlap the
menbrane waterproofing at the expansion joints. The menbrane waterproofing
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FI GURE 42
Earth-Covered Roof at Masonry Cavity Wall

must be thoroughly adhered to the concrete surface and extend out from the
expansion joint for a wdth of at least 2 feet (600 nm) on either side of
the expansion joint. The nenbrane waterproofing may be forned over a
prefabricated expansion cover, neoprene pipe insulation, or |arge-dianeter
formrod stock. This material nust be secured in place by adhering the top
to the underside of the menbrane waterproofing. |f rod stock is used, it
can be sandw ched between two [ayers of waterproofing to hold it in place
The bentonite is then carried over the conpleted assenbly. Increasing the

t hi ckness of the bentonite would be advisable in this area. The

pol yet hyl ene sheet, which is normally placed over bentonite is inperative in
this case. Not only does the polyethylene sheet prevent erosion of the
bentonite in the open area where the water would tend to flow in channels,
but it also helps confine the bentonite. This is necessary to reduce the
swel ling of the bentonite in an unconfined space. The insulation is held
away from the expansion assenbly either by notching the insulation or by
stacking the insulation as shown in the detail. This elimnates pressure on
the expansion joint assenbly which mght cause collapse of the domed shape.
In this case, to ensure that the weight of the earth-cover and gravel |ayers
above will not collapse through the insulation, a structural board (of
treated wood) is layed under the top layer of insulation. It would be
advisable to increase the rate of slope of the concrete deck away from the
expansi on joint.

h. Earth- Covered Roof at Masonry Cavity Wall. Refer to Figure 42
For additional conmentary on the roof construction shown in this detai
refer to Figure 39 above. The concrete deck should slope away from the
wall.  The additional thickness required for the concrete slab at this point
w |l depend on the size of the area to be drained and slope of the concrete
surface. Bentonite waterproofing is the main waterproofing used in this
case. However, at this condition, nenbrane waterproofing nust be used so
that the bentonite waterproofing overlaps the nmenbrane waterproofing at the
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FI GURE 43
Expansi on Joint at Earth-Covered Roof and Existing Structure

base of the menbrane waterproofing and so that the integrity of the

wat erproofing system can be continued above grade. This is acconplished by
extending the nenbrane waterproofing through the wall construction at a
point just below grade and then by extending the waterproofing up at least 1
foot (300 mm. The nenbrane waterproofing nust be adhered to the nasonry
along the upper portion. The bottom edge of the through-wall waterproofing
should be left unadhered until a separate ply can be installed at the wal
and slab. The through-wall menbrane is then overlapped and adhered to this
second ply. To ensure a positive overlap of the bentonite and the menbrane
wat erproofing, the bentonite is continued part way up the wall over the
nmenbrane waterproofing. The bentonite is thickened at the cove at the base
of the wall and at the edge of the nenbrane waterproofing at the slab. The
top of the bentonite should be flashed to prevent washout of the bentonite
adjacent to the ground surface. Polyethylene sheet applied to the wall with
an appropriate mastic will serve this purpose

As with conventional building construction, the cavity wall should
not extend below grade. The cavity space below the cavity wall flashing
should be grouted solid. The cavity wall flashing is extended up and
termnated in the nortar joint of the concrete block backup according to
criteria for conventional cavity wall construction. The insulation (which
shoul d be extruded polystyrene insulation) serves two functions: (1) to
protect the waterproofing and (2) to develop a thermal overlap with the
insulation in the wall. This overlap does not constitute a conplete thernal
break. However, in this case, the overlap provides a cost-effective way of
reduci ng the heat transm ssion at this point.

i Expansi on Joint at Earth-Covered Roof and Existing Structure. Refer
to Figure 43.  This expansion joint occurs near the foundation walT of an
existing building. The expansion joint construction is simlar to the
construction for an expansion joint within the typical roof area. Refer to

1.4-105



Skylight with insulating glass and thermal break frame

Continuous steel support

Vapor barrier (membrane waterproofing)
- Foamed-in-place insulation
' j/SkyIight weep

4_______'/Extruded polystyrene insulation

T f———————— stainless steel flashing

~——————— Membrane waterproofing (adhered to concrete)

[ Bentonite waterproofing

J1 . ,.. N‘\—“_ .
o020 % 20 e % 0% Yo le et %" & Polyethylene sheet over bentonite

vvvvvvvvvvvvv

Extruded polystyrene insulation

FI GURE 44
Earth-Covered Roof at Skylight with Concrete Curb Exposed to Interior

Figure 41 for criteria on this type of construction. The nenbrane

wat er proofing which is adhered to the concrete deck and to the cleaned and
primed surface of the existing wall is carried up to a point above grade

|l evel and returned into a sawcut reglet and caul ked. The bentonite

wat erproofing, which is the principal waterproofing for the roof in this
case, is overlapped and carried up the wall over the nenbrane

wat erproofing.  The polyethylene sheet, which is normally installed over the
bentonite on the roof, is also carried up the wall over the bentonite. The
upper edge of this assenbly is flashed with stainless steel flashing and
continuous redwood spacers and anchored into the existin? stone with
stainless steel screws and neoprene washers. The top of the flashing is
formed such that a positive joint may be formed and sealed with elastomeric
seal ant over a foam rod backer. The flashing is renovable for naintenance
and repair.

An additional |ayer of extruded pol yestyrene is cantilevered over
the bottomtwo |ayers with a layer of treated wood to ensure that the soi
and gravel materials do not fall into the space above the expansion joint.
To conplete the closure, a layer of closed-cell polyethylene insulationis
pl aced over the structural board and carried up the wall as high as possible
wi thout extending above-grade. This insulation serves two purposes. First,
the insulation provides protection to the waterproofing and, secondly, the
insulation (which is conpressible) will take up the movenent between the
soil and the existing building. The conpressible insulation wll not
conpletely elimnate the devel opment of cracks between the soil and the
bui | di ng, however. Consequently, it is inperative that the waterproofing
and, especially the bentonite, be thoroughly flashed to shed water away from
these critical areas. In addition, it would be advisable to increase the
slope of the concrete deck adjacent to the expansion joint.

, Eart h- Covered Roof at Skylight with Concrete Curb Exposed to
Interior. Refer to Figure 44. This detail illustrates the |ower
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FI GQURE 45
Parapet at Earth-Covered Roof with Thermal Break

termnation of a skylight at an earth-sheltered roof. The primary aesthetic
constraint was that the concrete be exposed on the interior. Bentonite
which is the primary waterproofing in this case, is shown overlapping
menbrane waterproofing which is adhesively applied to the concrete curb

bel ow the skylight. This detail, however, would be simlar for a condition
where menbrane waterproofing was the prinmary waterproofing system The
insulation which is continued up the concrete wall serves as protection for
the waterproofing as well as conpleting the thermal continuity of the
insulation. It is inportant to carry the insulation as far as possible, not
only to inprove the thermal efficiency, but also to help prevent
condensation on the backside of the membrane waterproofing (which acts as a
vapor barrier). By detailing the menbrane waterproofing as a vapor barrier,
it can be termnated in a caul ked joint between the concrete and a
continuous steel support angle for the skylight. This configuration, in
effect, extends the vapor barrier all the way to the first purlin on the
skylight. The metal flashing which covers the above-grade insulation is
positioned so that it accommodates the weep at the skylight as well as
performng a flashing function.

k. Parapet at Earth-Covered Roof Wth Thermal Break. Refer to Figure
45.  Rather than extending the insulation envelope around the parapet and
soffit, a positive thermal break is provided within the concrete
construction. The connection at the thermal break is held in place by stee
dowel s, which permt torsional novement of the parapet (the parapet spans
between bays). This novement will be mniml. However, the novement nust
be allowed for in the detailing of the waterproofing. |n this case, the
slope of the concrete is away fromthe parapet. The joint is designed so
that water will pass freely over it and onto the main roof area

The life-cycle econony of this detail nust be evaluated on an
individual basis. In many climtes, especially mld climtes, the energy
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FI GURE 46
Backwal | Drainage at Earth-Covered Roof

savings attributable to the thermal break construction will not justify the
addi tional cost.

L Back Wall Drainage at Earth-Covered Roof. Refer to Figure 46
This condition occurs at the back wall of a structure which is |ocated bel ow
a watershed. A drainage swale should be provided at the base of the slope
so that the surface water is carried away fromthe building. However, in
addition to this, a clay base may be used below the soil layers to provide
additional protection. This construction will tend to increase the total
thi ckness of the soil and drainage |ayers required for the roof.
construction. This particular detail represents a condition where the
concrete is sloping to the roof edge and the water draining over the edge
This method of drainage increases the vulnerability of the roof edge. To
conpensate for this, the polyethylene sheet, which was installed directly
above the bentonite waterproofing, is extended out beyond the roof edge and
downward, leaving a small tuck in the polyethylene to allow for potentia
settlenment of the backfill. The polyethylene is then formed into a gutter
The perforated drain and the gutter should be below the level of the roof.
An additional perforated drain will be warranted in many instances near the
footing. The advantage of the upper system of drainage is that it reduces
the amount of water washing down the exterior wall. This may also be
beneficial from an energy efficiency point of view in that the soil adjacent
to the wall will be less saturated and therefore will have a |ower
conductance. If a layer of polyethylene sheet is used over the insulation,

this too can be extended out to help the water nove away from the vertica
wal |

m Wndow Sill at Berm Refer to Figure 47. This detail illustrates
a wall that is bermed to within 1 foot (300 mm of a window sill. The
aesthetic requirements called for exposed concrete on the exterior below the
window. To neet this requirenent and to continue the waterproofing to the
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FI GQURE 47
Wndow Sill at Berm
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FI GURE 48
Edge of Conventional Roof at Berm

underside of the window sill, a notch is formed in the concrete wall. The
wat erproofing is adhered to the concrete following this notch. A
cast-on-site concrete panel to match the concrete on the renainder of the
building is grouted in place with a pin anchor |ocated at the top. The

building insulation is located on the interior side of the structure in this
case

n. Edge of Conventional Roof at Berm Refer to Figure 48. Wth the
type of structure shown in the detail, it 1s possible to achieve fairly
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FI GURE 49
Juncture of Retaining Wall and Exposed Concrete VIl (Shown in Plan)

uninterrupted insulation envelope that is also cost effective. This is done
by ensuring that the space between the joist bearing plate and the neta
deck is filled with an adequate anount of insulation. If the insulation
shown on the interior of the structural wall were continued down to the
floor, this approach would be disadvantageous in terns of benefiting from
thermal mass. To place the insulation on the exterior of the structura
wal | and still maintain an adequate degree of continuity in the insulation
the insulation shown on the interior wall nmay be continued down to the |eve
of the finished ceiling. This will allow insulation to be placed on the
exterior of the wall overlapping the interior insulation by as much as 4 to
5 feet (1220 mmto 1525 nmm). The interior vapor barrier should not be
omtted, however, depending on the humdity conditions and soil
temperatures. The roof of the structure shown in the detail is designed as
a conventional roof (in this case, a loose-laid, single-ply menbrane wth
bal last is used). The nenbrane waterproofing which is adhered to the
concrete wall is termnated in a reglet as high as possible w thout being
exposed above grade. If bentonite waterproofing is used on the wall, the
top of the waterproofing should be flashed (see Figure 43).

o. Juncture of Retaining Wall and Exposed Concrete Wall (Shown in
Plan). Refer to Figure 49. This detail (in plan view shows a building
wal | with an abutting retaining wall. The aesthetic requirements for the
exterior finish of the building, in this case, called for exposed concrete
At typical above-grade conditions, this building nust have insulation
| ocated on the interior side of the concrete wall. The type of insulation
and its protection must conformto the requirements of NAVFAC DM 8. The
same type of insulation and interior finish is used along the inside of the
structural wall in the condition depicted in the detail. However, the
interior insulation (but not necessarily the vapor barrier) may be
termnated once a sufficient overlap length (about 3 feet (900 nmm)) with the
exterior insulation is devel oped.
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FI GURE 50
Juncture of Retaining Wall and Masonry Cavity V@Il (Shown in Plan)

In terms of waterproofing, bentonite is the primary waterproofing
system for the building. At this condition, however, menbrane waterproofing
must be introduced at the joint where novenment is expected to occur. This
detail is simlar to the conditions shown in Figure 41. In this case, the
wat erproofing is extended onto the retaining wall for a distance of 3 to 4
feet (915 mmto 1220 mm. Rather than tying the retaining wall to the
building structure with steel dowels, the retaining wall is free-standing
and is designed to withstand the earth and possible hydrostatic pressures
wi thout assistance at the end conditions. Consequently, movenent can be
anticipated at the joint between the building and retaining wall. The joint
must therefore be sized and sealed with elastoneric sealant of sufficient
width to accommdate this movement. The backfill shown in the detail is
undifferentiated. However, the fill against the retaining wall should be
gravel to provide drainage of water and therefore, relief from potential
hydrostatic pressure. The gravel should be drained at the bottom of the
retaining wall with plastic pipes sloping to the exterior side of the wall
Because the waterproofing of the building also depends on the waterproofing
of this portion of the retaining wall, this portion of the retaining wall
nust be treated as if it were a building. The slope of the finished grade
must slope away fromthe retaining wall as well as fromthe building. |f
water is allowed to flow towards the retaining wall, for all practica
purposes, it is also flowng towards the building

Juncture of Retaining Wall and Masonry Cavity Wall (Shown In

Plan). Refer to Figure 50. This detail illustrates the same situation as
the previous detail. However, in this case, the architectural requirenent
for the exterior finish of the building is face brick. On the right hand
side of the retaining wall a cavity wall situation exists. It is inportant
that the retaining wall overlap the face brick rather than the face brick
overlapping the retaining wall. CQherwi se, the novenent of the retaining

wal |, which will certainly occur, will tend to shear off the face brick.
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-—“#/ Closed-cell compressible filter
\/ Pipe insulation (adhere to membrane waterproofing)

. ) / Membrane waterproofing (adhere to both walls)
/Polyethylene sheet over bentonite waterproofing
- Retaining wall

FI GURE 51
Thermal Break and Waterproofing at Retaining Wall (Shown in Plan)

Continuity of the insulation for the building is maintained by inserting a
conpressi bl e closed-cell polyethylene insulation in the space between the
retaining wall and the building.

_ Thermal Break and Waterproofing at Retaining VIl (Shown in Plan).
Refer to Figure 51. At above-grade locations, the exterior material used on
this building is burnished concrete block. This is used in a cavity wall
systemwith concrete block as a back-up. Concrete block is also used for
bel ow-grade conditions. The condition shown in the detail occurs at a
corner of the building with the retaining wall parallel to the end wall
The finish material that occurs above and bel ow the window is burnished
concrete block, also utilizing a cavity wall system The insulation shown
adjacent to the window janmb is aligned with the insulation that occurs above
and bel ow the window (this is the standard location for the insulation in
this building relative to the face of the exterior wall). The location of
the building insulation, due to the choice of a cavity wall system easily
facilitates maintaining the continuity of the insulation envelope. As in
the previous details, the waterproofing is applied to the portion of the
retaining wall adjacent to the building. Again, the joint between the
retaining wall and the building is treated as an expansion joint. Refer to
the commentary for Figure 41 for a description of the waterproofing at this
joint.

r Foundation Near Water Table. Refer to Figure 52. This condition
occurs where there is no hydrostatic head. To allow for the possibility of
a higher water table, foundation drainage is incorporated into the design.
Drainage tile is located at the outside of the footing as well as at
calculated intervals below the basenent slab. Plastic pipes are cast into
the footing to transfer water fromthe interior side of the footing to the
drai nage pipe on the exterior side. The dashed line in the detail indicates
the drawdown profile of the water table. To assist drainage of water at
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Vapor barrier and finish material
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‘;4 Drainage mat with filter fabric
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4/T Extruded polystyrene insulation
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Vapor barrier (protected by sand cushion)

Plastic pipes cast in footing

Gravel drainage layer

Perforated drain (wrap in filter mat)

Drawn-down water table (shown dashed)

FI GURE 52
Foundati on Near \Water Table

- I - Backfill (granular)

Perforated drain wrapped in filter mat

N 'rH—-———""‘"——_\ Drawn-down water table (shown dashed)

Lr._.—-—-——\ Protection board

1. v """ Waterproofing (continue under footing and floor slab)

]
hY "; Chemical waterstop parallel to wall
) Chemical waterstop across wall (shown dashed)

F:."..‘T_'."—‘""‘.' Protection board

= N [ e

Mud slab

FI GURE 53
Foundation Bel ow Water Table
(Hydrostatic Pressure Relieved in Drainage)

the exterior wall, a drainage mat with a filter fabric is installed to carry
water to the drainage tile at the footing. To maintain the thernal

efficiency of the insulation, a layer of polyethylene sheet (with overlapped
and seal ed edges) is placed over the insulation. This also ternminates at
the drainage tile at the footing.

S. Foundation Bel ow Water Table--Hydrostatic Pressure Relieved by
Drainage). Refer to Figure 53. This condition occurs below a water table.
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Consequently, the structure nust either be designed for buoyancy and slab
uplift or the hydrostatic pressure nust be relieved by drainage and

punping. In this case, drainage is provided. This has the advantage of
reducing the structural cost. A blowout panel nust be provided in the
structure in order to elimnate serious structural damage to the building in
the event that the drainage system fails. Backup sunp punps are essential

inthis case. The dashed line in the detail illustrates the level of the
drawn-down water table. The drainage tiles nmust be spaced cl oser together
than in the previous detail. To allow for the possibility that the position

of the drawn-down water table will not be at the location indicated, but
mght be slightly higher, the entire structure including the underside of
the footing and the floor slab is waterproofed. The waterproofing shown is
a menbrane waterproofing. A nud slab is required below the footing and the
floor slab for the application of the nmenbrane waterproofing at these
locations. The nenbrane waterproofing must be protected against danage
during the placenent of steel and concrete for the footing and floor slab.
In this case, protection board is shown. Oten the type of construction
will be such that an additional protection |ayer of concrete will be
required, however. Chemcal waterstops are an integral part of this.

system  Chem cal waterstops should be provided at critical joints in the
structure, such as between the wall and the footing and between the floor
slab and the footing. Chemcal waterstops should also be used at regular
intervals to help confine the leak, should the waterproof nenbrane fail.
This facilitates locating the leak and thus reduces repair costs. Note
that, because the nenbrane waterproofing is applied to the nud slab rather
than to the footing or the floor slab directly (this would not be possible),
a path for water mgration will exist between the structure and the menbrane
wat erproofing. Consequently, the chemcal waterstops which are l|ocated in
the floor slab will not help localize a leak without also providing a grid
of chemcal waterstops in the joints between the protection board

Bentonite waterproofing has a slight advantage over menbrane waterproofing
inthis regard. The protection board will also be required for the
bentonite waterproofing. However, no additional chemcal waterstops will be
required in the protection layer. Once the concrete is poured, it will tend
to fill the gaps between the protection board and termnate at the bentonite
waterproofing at the bottom of the gap. Thus the bentonite waterproofing
will be in contact with the concrete in a regular grid as defined by the

| ayout of the protection board. The followng detail also uses this

wat er proofing system

t. Foundation Bel ow Water Table-Structure Designed to Wthstand
Hydrostatic Pressure. Refer to Figure 54. This condition, which occurs
bel ow the water table, utilizes the excavation shoring for one-half of the
formwrk for the wall. This condition occurs infrequently. However, when
| and area must be maximzed and there is no room (in terns of progranmatic
and life-cycle requirenents) to set the building back from the shoring, then
this kind of construction may be necessary. The bentonite waterproofing is
applied directly to the wood lagging. This is covered with a fiberglass
nmesh which, in a vertical position, acts as a rain cover during construction
and also provides a degree of protection for the bentonite waterproofing
during pouring. The mesh allows the bentonite to come into contact with the
concrete through the spaces of the mesh. The most critical point in this
construction is the juncture between the waterproofing at the bottom of the
shoring and the waterproofing over the nud slab. The bentonite should be
thicker in this area
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Shoring (left in place)

Bentonite waterproofing (apply to wood lagging)

Chemical waterstop parallel to wall

Chemical waterstop across wall (shown dashed)

Mat slab
Protection board
Rain cover (remove before placement of concrete)

Bentonite waterproofing

Mud slab

FI GURE 54
Foundation Bel ow Water Table
(Structure Designed to Wthstand Hydrostatic Pressure)
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Section 16. STRUCTURE

1. GENERAL. In terms of structural engineering, earth-sheltered buildings
are not very different from basements of large buildings or conventiona
retaining structures. GCriteria for structural engineering, soil nechanics,
and foundation engineering are covered elsewhere in the NAVFAC DM series
(see Related Criteria in Section 1).

The primary difference between an earth-sheltered building and a
conventional building in terms of structure is the much higher static |oads
present in nost cases on the exterior structural surfaces of an
earth-sheltered building. These heavier loads tend to linmt the types of
structural systems which can be used for belowgrade structures. Interna
bracing of the building to transfer horizontal forces and resist unequal
earth pressures becones inportant and, when roofs are earth-covered
vertical supporting elenents within the structure and foundation will also
carry substantially increased loads. It is thus inportant that the overall
design of the building (smaller bay sizes, for exanple) allow for an
econom cal structural system

2. DESIGN LOADS. Soil loads are normally considered dead |oads. However

the effects of possible later partial excavation of the earth on the roof or
adj acent to the walls of an earth-sheltered building must be considered in

design. If the structural design depends on bal anced lateral earth
pressures at opposite walls of the structure, unequal excavation or
backfilling may cause structural novenent or danage. The |ikelihood of

mai ntai ning a pernmanent soil |oad must be considered in designing an
earth-sheltered building, particularly if it is a post-tensioned structure
with final tensioning designed to balance earth |oads

a. Roof Loads. The most dominant roof load is the presence of soil on
the roof. Normal soils can vary in weight from 90 | bs/ft’ (1442 kg/m)
to 135 Ibs/ft*(10 500 kg/ni). "It is possible to design lighter soi
mxes by including a lightweight filler material, but, this may be
detrimental to plant growth. A fully saturated soil may weigh nore than 135
| bs/ft*(10 500 kg/nmi). If the roof is well drained, however, the water
| oadi ng can be considered a live-load condition. The soil density nost
commonly assumed in design is 120 Ibs/ft*(9350 kg/m). See Section 8
Planting and Irrigation Design, for planting and soil |oads

Live-l1oad all owances for earth-covered roofs usually range from 50
to 100 | bs/ft*(about 10 to 20 kg/nf). The actual value will depend on
snow | oad, any vehicular traffic, and whether allowance nust be made for
rain-saturated soil. Wen heavy snow is typical and extensive drifting of
snow on the roof can occur or when large vehicles can drive onto the roof,
the design nust allow for these possibilities. Mninmm must be in
accordance with NAVFAC DM 2.2, Structural Engineering, Loads, Section 3.

b. VWall Loads. Walls in an earth-sheltered structure nust resist
|ateral earth pressures if they are placed against the earth; if they are
exposed, they nust resist wind loads. The walls also act as conponents of
the structure, transferring forces fromthe roof and other walls to the
f oundat i on.
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Lateral soil pressures will vary considerably, depending on whether
the wall is able to deflect away fromthe load (active pressure), is held
rigid (at-rest pressure), or is actually forced towards the soil (passive
pressure). Although the actual soil pressure conditions are greatly
affected by backfilling procedures and building geonetry, at-rest pressures
shoul d generally be used in the design of a fairly rigid structure such as a
concrete wall, roof and floor system active pressures can be used for
external cantilever retaining walls.

Wien the lateral pressure exerted by a backfill mterial is used in
design, it is inportant that other soil materials that would exert a higher
pressure on the wall be placed outside the zone in which they could
influence the wall. Arule of thunb is to assume that this zone lies within
a line drawn at 30 degrees fromthe vertical, extending out from the base of
the wall

Qther loads that must be considered in wall design are

(1) Saturated Soil Conditions. \Water pressure can add
significantly to the wall loads. A granular backfill, which provides good
drainage in addition to lowering normal |ateral pressures, is generally used
for backfill whenever it is available. Wen gravel backfills and drainage
tile are used, the wall is normally designed for unsaturated conditions

(2) Swelling Pressure/Frost Pressure. These pressures nust be
considered in design whenever soil conditions are potentially hazardous

(3) Surcharge Loads/Live Loads. The vertical pressure from a
surcharge load adjacent to a retaining wall causes a corresponding increase
in the horizontal pressure on the wall. If any live |oads are considered in
retaining wall design, they are usually treated as a surcharge load. A
major live-load itemwll be the surcharge |oad from any heavy vehicle that
may be driven on the surface adjacent to the top of the retaining wall
Firefighting equi pment access should be considered in calculating these
| oads.

(4) Backfilling Pressures. Overconpaction of backfill as a result
of using heavy equipnent can place a higher load on a retaining wall than
the wall mght have to withstand in the course of normal service
Backfilling procedures should be specified to avoid this problem Refer to
DM 7 Series for criteria

. Seismic Loads. Seismic loads for buried structures are generally
|l ess severe than for conventional structures. Bel owgrade tanks or pipes of
nmoderate size generally do not require special seismc design considerations
i f applicable non-seismc design criteria are satisfied. Tanks, tunnels, or
pipes of critical inportance or with large cross sections will require
special considerations for seismc design. Issues of particular concern for
earth-sheltered buildings include: (a) inertial forces of a heavy
earth-covered roof with respect to its attachment to the walls of the
structure (This is very inportant when the roof elenent is not confined by
surrounding earth on all four sides of the building.); and (b) relative
moverment or settlement of the building foundation. Buried structures are
usually relatively rigid and will not accomodate significant relative
nmovenent without cracking and structural damage
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In addition to the direct effect of ground notion on the building
ot her hazards include subsidence and settlenent due to consolidation or
compaction, landslides or liquefaction. Design of earth-sheltered
structures to be built into hillsides in seismc zones should carefully
eval uate slope stability under earthquake conditions

Refer to the follow ng sections of NAVFAC P-355, Seismic Design of

Buildings, for specific guidance: Retaining \Walls-Chapter 11, Section 6
Buried Structures-Chapter 11, Section 7; Design of Foundations--Chapter 4,
Section 8; Overturning-Chapter 4, Section 4b; Qher Hazards--Chapter 2,
Section 7c (see Criteria Sources).

d. Blast Loads. For bonb- and blast-resistant design, obtain the
latest criteria from NAVFAC. See also NAVFAC P-397, Structures to Resist
the Effects of Accidental Explosions (see Criteria Sources).

3. CHECKLI ST OF LOADING CONDITIONS. The followi ng conditions should be
considered in calculating the potential |oads on a structure:

sel f-weight of structure and finishes

vertical soil loads on roof

ground-water pressures/uplift

| oads from | andscaping el enents

mechani cal equi pment on roof or on internediate floors

rain saturation of roof and wall backfill

snow | oads

construction equipnent |oading on roof and adjacent to walls
service vehicle access to roof and adjacent to walls
swelling clay conditions

frost-heave pressures

eart hquake forces

wind loads on exposed portions of the structure

live loads on interior floor structures

soil/structure interaction (for flexible structures such as thin
shel I's)

* slope stability (for structures on hillsides)

 required resistance to blast |oads
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Section 17. MECHANI CAL AND ELECTRI CAL SYSTEMS

1. AIR-HANDLING SYSTEMS. The nodel building codes referenced by NAVFAC
DV 3.3, Heating, Ventilating, Air Conditioning, and Dehum difying Systens
state that ventilation shall be provided either by natural neans or by a
mechani cal | y-operated ventilation system Because of the inposed design
constraints of large bel owgrade structures, ducted supply, air and positive
return air systens nust be utilized to provide ventilation for the building.

It is essential that the designer thoroughly exam ne the overall
energy-efficiency of the system The designer should: (1) seek to reduce the
resistance to air flow (2) reduce air volunes where possible; (3) mnimze
the thermal |osses. Energy savings are achieved by reducing air volune and
resistance to air flow

In general, the design of ventilation systens for bel owgrade structures
is very simlar to that of above-grade structures. The nost significant
difference in system design between above-grade and bel owgrade buildings is
the placenent of outside air louvers. In an earth-sheltered building |ouvers
will tend to be nore prominent visually. Further, where the above-grade
portion of the building is concentrated in a small area, care nust be taken to
ensure that the air intake |ouvers have adequate separation from exhaust
| ouvers and fumes at vehicle access points.

2. VENTI LATI ON REQUI REMENTS.  Because nost |arge above-grade buildings are
hermetical |y seal ed and nmechanically ventilated, the ventilation requirenents
for bel owgrade and above-grade structures will be simlar. The requirenents
for ventilation quantities are defined by NAVFAC DM 3.3 (Chapter 4,
Ventilation Requirements). Were power ventilation is provided, the
ventilation air quantity (including pressurization and infiltration) used for
cal cul ating heating and cooling |oad shall be established as the greater of
the exhaust requirenment plus 10 percent or 0.125 ft’/min per square foot of
net floor area (0.305 m/nin per square neter), provided that ventilation

air exclusive of infiltration is furnished at 5.0 ft/min per person (0.14
m/nmin). Refer to ASHRAE Standard 62-1981 (see Reference 5) for nininum
ventilation air requirenments

Adequate ventilation is inportant to prevent the buildup of indoor air
pol lutants and to renove excess heat from an occupi ed underground space. Low
uncontrolled infiltration rates nmake ventilation particularly inportant in
earth sheltered structures. A pollutant of particular concern is radon.
Radon is a radioactive gas released in mnute quantities by soil and rock
materials including the materials used in building construction, such as
concrete and building stone. Radon is also absorbed by ground water and then
rel eased at a free ground-water surface. Normal ventilation rates in excess
of 0.5 air changes per hour are believed to keep radon levels to bel ow
perm ssible standards. In addition, it is desirable to prevent the passage of
ground-wat er or water vapor fromthe surrounding ground to within the building
envel ope since this is significant source of radon
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3. WATER SYSTEMS. In multistory buildings, pressure dimnishes at upper
stories due to associated gravitational and frictional |osses, requiring
upfeed punping to augment the system pressure. Such losses will be reduced or
elimnated in earth-sheltered buildings since distribution will typically be
nearer or belowthe city main. In renote areas where domestic water is punped
from ground water tables, holding tanks may have to be incorporated into the
systemto provide adequate reservoir for domestic water and firefighting
Earth-shel tered buildings can benefit by placing tanks on grade.

4.  SANITARY SYSTEMS. Were building waste lines are |ower than the sanitary
sewer, punping will be required, necessitating (1) a sunp pit or receptacle
into which waste may flow by gravity, and (2) a sewage ejector (operated by
either a notor driven centrifugal punp or by conpressed air). Sewage and
drai nage punps must be provided with two power sources or nust be equi pped
with dual electric and diesel drives. Two punps should be provided which
alternate in operation (each cycle). Each punp should be sized to take the
entire peak flow.

Sunp pits can be located in the building, even with little head room
under heavily travelled pavement or in renote areas. Except in areas subject
to prolonged bel owfreezing tenperatures, it is recommended that sewage sunps
be sited away fromthe building to prevent spillage or flooding in the event
of equipnent failure. Qherwise, sunps nust be of sufficient size to take
sewage flow for a period of tine which will allow detection of the problem and
installation of portable punps. Sewage sunps nust have proper ventilation to
the outside. Sunmps |ocated away fromthe building will require a manhol e
installation. Refer to DM 3.1, Plumbing Systens, for criteria on sizing of
sunps.

5. LIGHTING SOQURCE. Source efficacy (lumens per watt) and color are both

i nportant considerations in the selection of a light source for
earth-sheltered construction. Generally, wherever possible, high efficacy
sources should be used. Internal |oads due to lights and equi pnent play a
nmore significant, and sonetinmes different, role in the heat bal ance of
underground spaces. Spaces which woul d normally require heating, often have
no heating requirenents when earth-sheltered. The amount of usable waste heat
fromlights and equipnent is, in effect, decreased. Oten cooling will be
requi red where heating woul d have been necessary previously. Consequently,
the lighting systemnot only affects the electrical load in terms of direct
energy usage but also has a nore significant inpact on the HVAC |oad for the
buil ding. Because of recent devel opments in high-intensity discharge sources,
color-corrected netal halide and high-pressure sodium | anps, the designer can
utilize the nost energy-efficient lanps while still providing good col or
rendering characteristics in interior applications. (See NAVFAC DM 4.4 for
lighting design requirenents.)

6. LIGHTING CONTROLS. In single-story, earth-sheltered buildings, w ndows
and/ or skylights can provide effective daylighting. Special care nust be
taken to provide adequate control of glare and excessive |um nance ratios.

The artificial lighting system should be designed to conpensate for periods of
inclement weather or night operation. An analysis should be done to determ ne
the cost effectiveness of a photo-controlled dimmng system In

nul tiple-story, earth-sheltered buildings, standard skylights are ineffective
past the second level. To utilize any natural [ighting conponent in |ower
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| evel s, the beam shaft method would have to be enployed (refer to Section 11,
Natural Lighting, Skylights and Passive Solar).

Motorized or manual blinds and |ouvers are other means of controlling
natural lighting into the building. These controls, especially when conbined
with automatic thermal shuttering, tend to be nore inportant where skylights
are used. Skylights make up for the |oss of daylighting at the perimeters of
earth-sheltered buildings. However, depending on climate and orientation
skylights can be an energy liability. To offset this, controls nust be used
Aut omated buil ding systems are an ideal way to interface lighting and sol ar
gain control wth total energy control of the building. If total automated
bui I ding control is not available, a programmable |ighting controller can be
used in conjunction with transceivers and contactors to control the |ighting
automatical ly, according to the schedule of the building. As in conventiona
bui I dings, nultiple swtching and other energy-saving control nethods shoul d
be investigated for their cost effectiveness.

7. PSYCHOLOG CAL RESPONSE TO LIGHTING  Lighting can have a significant

i npact on the human psychol ogi cal response to an environnent. The |ighting
desi gner should work with the interior designer during the color selection
process so that adequate lighting |evels and | um nance patterns on the room
surfaces can be achieved. Lighting systens that provide nearly 100 percent
direct illumnation and very little intensity at angles above 50 percent such
as downlights, louvers, deep cell parabolics, and refractive |lenses help
control direct glare and increase visual confort probability. But these
fixtures tend to bring the ceiling down perceptually, since they appear dark
when | ooking across the ceiling and do not give high |umnance patterns on the
ceiling

Source color is also very inmportant to psychol ogi cal response. Sources
rich in the red tones, such as incandescent and hi gh-pressure sodium help to
make the space feel nmore intimate and rel axed, Sone studies have shown that
this feeling increases productivity and enpl oyee confort. However, in
earth-sheltered buildings, the use of sources rich in the warmtones
(especial ly when used with dark-col ored surface finishes) tends to reinforce
t he underground associations of the space. A whiter source, richer in the
cool er tones, increases perception of the openness and |ightness of the room
by visually causing the walls and ceiling to recede.

8. EMERGENCY LIGHTING The emergency lighting systemfor an earth-sheltered
bui I ding nust conformto the requirenents set forth in the Life Safety Code.
Were there is no natural lighting, adequate egress lighting is critical in
preventing panic, especially in multiple-story earth-sheltered buildings

9. ELECTRICAL COCLI NG ENERGY AND FAN ENERGY. The electrical load for cooling
will normally be lower for earth-sheltered buildings. Refer to Section 18,
Energy Calculations, for HVAC requirenments cal culations. For the purpose of
life-cycle costing electrical fan energy can be considered to be the sane for
conpar abl e conventional and earth-sheltered buildings.

10. TRANSFORMER LOCATION.  Transformer location is dependent upon the building
type and the |andscape design. Consideration must be given to the standard
advant ages and di sadvantages of outdoor and indoor |ocations, including

construction cost, maintenance, security, noise, and visual appearance.
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Frequently, an exterior location will be nmore visually promnent, especially
if the building is substantially buried. On the other hand, if the
transformer is located within the building, provision of |ouvers for
ventilation will restrict the extent of earth-contact. Al so, an indoor
location will be nore expensive. Refer to NEC Code 1981, Article 450-2 for
addi tional |ocation requirenents.

If the equipment roomis on a belowgrade |ower level in a nultistory
bui | ding, there may be additional costs for prinmary cable and ventilation. If
equi pnent space is nade available on an upper level, vibration, and noi se may
be a problem Flexible conduit connections and vibration-danpening nmounting
met hods may be necessary.

11. SERVICE LOCATION. If an earth-sheltered building is fed by neans of a
unit substation |ocated outdoors, the advantages and di sadvantages w Il be
simlar to those of the transforner |ocation outdoors. If the service
entrance equi pnent is located indoors, as it is in nost comrercial buildings,
special consideration nust be given to the length of the secondary conductors,
especially in nulti-story, earth-sheltered buildings. For a deep
earth-sheltered building, if the service entrance equipnent is |ocated on a

| oner |evel, additional cost may be incurred for running the secondary
conductors down the entire depth of the building and then distributing upward
as opposed to locating the service entrance equi pment at near ground |evel and
distributing in only one direction. In addition, the service disconnecting
nmeans, or service switch, nust be accessible to firefighters. For additiona
criteria on service entrance equi pnent selection and transformer selection,
refer to NAVFAC DM 4.2, Electrical Power Distribution Systens.

Power nust be taken off ahead of the service disconnecting neans if waste
fire water punps are required. (See Section 12, paragraph 6, Drainage.)

12.  EMERGENCY POAER  An emergency power system-whether it is a second neans
of utilization voltage, enmergency generators, or an Uninterruptible Power
Supply (UPS) system is nornmally dependent on the building occupancy and the
nature of the work being done in the building. Earth-sheltered buildings tend
to have nore requirenents for energency power than conventional buildings.

The nost typical of these are energency power for sunmp punps and fire
protection systems. For design criteria, refer to NAVFAC DM 4.4, Electrica
Uilization Systens.

a. Auxiliary Power Source. If the choice is made to utilize an
auxiliary nmethod of feeding the service entrance swtchgear, such as a
utility-supplied power source or Navy-generated power source, there would be
very little difference between the earth-sheltered building requirenents and
the conventional building requirenents. Additional costs may be incurred
depending on the location of the transformer and service entrance equi pnment as
di scussed above in Section 3.2.

b. Energency Generators. The considerations for the location of the
emergency generator are simlar to those for the high-voltage transformer. If
t he emergency generator is located on the roof of the building, there may be
addi tional structural requirenments due to the weight and vibration of the
generator. If the generator is to be located indoors, close proximty to the
swi t chgear reduces the chance of voltage drop. Provisions for conbustion air,
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adequate ventilation, and exhaust fromthe generator, will tend to conflict
with maximzing the extent of earth-contact, however.

. Uninterruptible Power Supply. For requirements of UPS systens and
critical loads, refer to NAVFAC DM 4.4, Electrical UWilization Systems, NAVFAC
DM 4.1, Prelimnary Design Considerations, and the National Electrical Code
NFPA 70, Article 701, (see Criteria Sources). The UPS systemwill normally be
| ocat ed indoors, adjacent to equipment that must be supplied with
uninterruptible power. Special provisions may be needed for the structura
support of the batteries unless the UPS systemis |ocated on the |ower |evel.
However, in a deep underground |ocation, costs will tend to be higher for
ventilation of the batteries. Refer to DM4.1 for "Legally Required Standby
Systens. "

13. FIRE ALARM Early fire detection Warning systems are critical in nost
earth-sheltered buildings due to their limted neans of egress. For
requirement criteria, refer to NAVFAC DM 8, Fire Protection Engineering.

14. COWUNI CATIONS. Refer to NAVFAC DM 4.7 for criteria and design nethod8
for telephone and wired comunication systens. Service entrances for

t el ephone and comunications will tend to be nost economical if located on a
floor closest to grade (noise and vibration will not be a concern in this
case).
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Section 18. ENERGY CALCULATI ONS

1. CGENERAL. This section present8 an overview of heat transfer principles
as they relate to earth-sheltered buildings. Heat flux data is included
here and in Appendix A to aid the system designer in sizing nechanica
systens and conputing the total annual space conditioning requirenents of
earth-sheltered buildings. Sanple |oad calculation procedures are presented.

2. OVERVI EW OF HEAT TRANSFER PRI NCI PLES | N BELOW GRADE STRUCTURES. Heat
transfer processes within the ground are extremely conplex for the follow ng
reasons: (1) thermal conductivity of the soil is not easily established
with precision, (2) thermal inertia of the earth tends to delay and danmpen
change in outdoor weather conditions, (3) heat flow through bel ow grade
wal | s does not occur between parallel planes as in above-grade walls, but
invol ves thermal movement in a three-di mensional environment, and (4)

noi sture migration through the soil is difficult to quantify. These
interrelated factors nmake a precise solution difficult. However, all of

these nust be considered to obtain reasonably-accurate heat transfer
predi ctions.

a. Thermal Conductivity of Soils. Conductivity values for soils range
fromabout 0.30 to 1.30 Btu/h ft °F (0.52 to 2.25 Wm °C) depending on
factors such as soil type, density, and moisture content. Fine-grained
soils such as clay tend to have | ower values than granular materials.

I ncreasing the moisture content will increase the conductivity. In general
the soil surrounding an earth-sheltered building will tend to have
conductivities between 0.70 and 0.90 Btu/h ft °F (1.21 and 1.56 Wm~°Q().
Refer to Appendix D for a listing of soil thermal conductivity factors for
various soil types and noisture contents.

New, sinplified methods are being devel oped for determning on-site
thermal conductivity of soils by use of "Conductivity Probes.” See
Reference 12, "The Measurenent of Apparent Thermal Conductivity of Soils in
the Field and Laboratory Using ThernBl Conductivity Probes,"” by the
Department of Energy.

b. Tenperature Regi ne Around An Underground Structure. In the sinple
condition of steady-state heat flow between two parallel surfaces at
different tenperatures (as for a wall above grade) the paths of heat flow
are parallel lines at right angles to the surfaces. Wen the two surfaces
are not parallel but at an angle to one another (as for a bel owgrade wall)
the paths of heat flow are curvilinear. Heat flow from bel owgrade surfaces
is three dinensional in nature, especially at building comers. However
the heat flow can be represented with reasonable accuracy in two di mensions
when the surface in question is substantially renoved fromthe corners of
the building.

The two-di nensional heat |oss around an uninsul ated basenent in
M nneapol is for typical February and August conditions is illustrated in
Figures 55 and 56. Heat flow is perpendicular to the isotherns. Heat |oss

in February is greatest near the ground surface where the isotherns are
cl osely spaced.
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. Sinplified Heat Conduction for Undisturbed Earth. The earth
tenperature oscillation near the surface varies cyclically with the annua
weat her cycle. The variation is alnost sinusoidal and is reflected bel ow
grade by an anplitude that decreases with increasing soil depth until at
about 30 to 50 feet (9 to 15 m, the tenperature remains essentially
constant throughout the year at a value called the annual average earth
t enperat ure.

Usual Iy the mathematical treatnent of earth tenperatures for
undi sturbed earth starts with the assunptions that: (1) the earth is a
homogeneous heat - conducting nedium of a sem-infinite solid system that is,
the thermal diffusivity is constant throughout the tenperature domain; (2)
the tenperature of the surface exposed to the atnosphere varies periodically
with time. For nethods or predicting ground tenperatures for undisturbed
soils, refer to "Regional Analysis of Gound and Above-Gound Cinmate," in
Under ground Space, by Kenneth Labs (see Reference 1).

Because of the thermal diffusivity, subsoil tenperature variations
lag nmore and nore in tine behind surface tenperature as depth increases. At
depths of 10 to 15 feet (3 to 5 m, this tine lag is neasured in nonths.
Figure 57, which illustrates this tinme lag,is a plot of tenperature val ues
versus depth for various tines of year in Qtawa, Canada. The col dest
ground tenperature at the 6 foot (2 nm depth occurs in April-a thermal |ag
of approximately 2 nonths fromthe coldest air tenperature. The soi
tenperature lag in effect shifts the cold tenperature pul ses of the wnter
into the sumrer nonths where cooling benefit8 can be derived. The sane
principle also applies to the heating season; warm tenperature pul ses
received fromthe previous summrer nonths hel p nmoderate the buil dings therm
envi ronnent .
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Mont hly Average Gound Tenperatures (OGtawa, Ontario)

3. CALCULATION PROCEDURES. Several limtations are inherent in hand
calculation procedures. These are discussed in the follow ng subsections.
A transient, two-dimensional finite-difference conputer program for
predicting heat flow in belowgrade structures is also presented.

a. Exi sting Earth-Contact Methods. The 1981 ASHRAE Handbook of
Fundanental s, referenced by NAVFAC DM 3.3, Heating, Ventilating, Ar-
Conditioning and Dehum difying Systens (see Reference 13, ASHRAE Handbook of
Fundanment al s), recommends the use of an approxi mate graphical procedure
devel oped by Boileau and Latta (see Reference 14, Calcul ation of Basenent
Heat Losses, by Boileau) for estimating the winter heat Toss from
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bel ow-grade basenent walls and floors. Boileau and Latta suggest that this
procedure is a reasonabl e approximation only for the nearly steady-state
md-w nter conditions. The bases for the ASHRAE/ Boil eau-Latta procedure are
the assunptions that: (1) heat flows along circular paths perpendicular to
radi al isotherns fromthe basement wall to the surface of the ground (see
Figure 58), (2) the soil behaves as a |ownass insulator with relatively |ow
resistance, and (3) the earth is a honogeneous heat conducting nedi um

Figures 59 and 60 present heat flux data for both an uninsul at ed
and an insul ated basement wall in Mnneapolis for a typical February day.
Two sets of data are plotted: one from the ASHRAR/ Boil eau-Latta cal cul ation
procedure, and the other froma transient two-dinensional finite-difference
conputer anal ysis.

Figure 59 denonstrates that good agreenent is realized between the
two methods when no insulation is utilized. This is graphically apparent in
Figure 61. The isothernms (generated by the two-dimensiona
finite-difference nodel) conformto the Boileau-Latta nethod in that they
are radial in nature and emanate fromthe point where the ground surface
meets the basenent wall. The graphic nethod predicts a slightly smaller
wal | heat |oss than does the conputer nodel. As explained in detail by
Mei xel , Shipp, and Bligh (see Reference 15, The Inpact of Insulation
Pl acenent, by Meixel), this is largely due to the fact that the graphic
procedure does not take into account the vertical gradient in the building s
wal | tenperatures and the resultant heat flux. This error increases
dramatically when insulation is introduced. Figure 62 is a plot of the
conputer-predicted profile around the basement wall when R-21.0 insulation
is applied to the exterior. The shape of the isotherms is altered

dramatically fromthe no-insulation case. In this case, the isotherns
depart fromthe Boileau-Latta nodel where the isotherms radiate fromthe
intersection of the ground surface and basenent wall, In particular, the
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dom nant heat flux is in a vertical

direction along the wall.

FI GURE 62
Conput er-Predi cted Tenperature

Profiles Around Basenent with R-21

Insul ation for Typical February
in Mnneapolis

Consequent |y,

the Boileau-Latta method overestimtes the wall heat |oss as depicted in

Figure 62.
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The inability of the ASHRAE/ Boileau-Latta nethod to adequately
model insul ated basement walls, as well as the seasonal thermal responses of
basenment walls (since the ASHRAE technique is only capable of predicting
average wi nter heat loss), clearly denonstrates the need for nore
sophi sticated procedures. The Boileau-Latta nethod can be in error by as
much as 30 percent. Conputer simulations are required to accurately predict
the basement wall heat fluxes for each day of the year. A transient
t wo- di mensional finite-difference computer nodel is able to yield detailed
results of thermal performance which are required for optimzing both
insulation and soil mass. Note that existing simulation nodels, such as
BLAST, NBSLD, and DOE2.1 currently do not account for these changes in soi
tenperature distribution and thus are unable to yield accurate results.
Further, the ASHRAE/ Boileau-Latta method is unable to estimate the
beneficial wall heat |osses during summer nonths.

b. Conputer Mpdel. The transient two-dimensional finite-difference
computer programutilized in generating the Heat Flux Tables (Tables 21
through 42) presented in Appendix Ais a direct extension of the program
devel oped and docunented by Speltz (see Reference 16, A Nunerical Sinulation
of Transient Heat Flow, by Speltz, and Reference 17, The Thermal Benefit6é
and Cost Effectiveness of Earth Bernming, by Speltz).

The conputer nodel solves the transient two-dinensional heat
conduction equation in a Cartesian coordinate system using an explicit
forward-differencing routine. To obtain the required accuracy in
determ ning heat flux magnitudes and directions, node spacing is varied from
2 inches (50 mm) in regions of large tenperature gradients to 24 inches
(600 nm) in areas where small tenperature gradients occur. The nodel
considers a two-dinensional cross section of the building. By dividing the
t wo- di mensi onal building down its vertical axis of symetry, only half the
bui | di ng need be nodel ed and an adi abatic boundary condition is inposed at
this axis as shown in Figure 63. The nodel is bounded by a second vertica
adi abati ¢ boundary sufficiently renmoved to minimze its inpact on the heat
loss of the structure. At the bottom of the calculation region, the
tenperature is set at a constant deep-ground tenperature.

The boundary conditions at the interior (earth-contact) wall and
floor surfaces are determned by cal culating the convective and radiative
heat flux between the specified air tenperature of the building and the
conputed inside surface tenperatures. A conbined convective and linearized
radiation heat transfer coefficient is used in this calculation (see
Reference 18, Sensitivity of Room Thermal Response to Inside Radiation
Exchange and Surface Conductance, by Buchberg). The boundary conditions at
the ground surface provide for convective interchange with the air as well
as radiative (solar and infrared) and evaporative exchange with the
at nosphere. (For a detailed description of the heat bal ance at the ground
surface., refer to Appendix B.) Changes in moisture content and heat
transfer by convection and noisture mgration in the soil are not explicitly
calculated. Baladi (see Reference 19, Transient Heat and Mass Transfer in
Soils, by Baladi) has shown that the pure heat conduction nmodel is
relatively accurate for dry and moist soils with calculation errors
increasing as the noisture content and the soil porosity increases.
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SCLMET Tape Format

Note that the surface boundary condition nodel has been partially
val i dated by canparing ground tenperatures predicted by the nodel to experi-
mental data recorded by the National Bureau of Standards for undisturbed
soil plots in Washington, D.C. (see Reference 20, National Bureau of
Standards Report, "Earth Tenmperature Beneath Five Different Surfaces").

The nodel requires input of hourly dry-bulb and wet-bulb
tenperatures, baronetric pressure, wind velocity, cloud cover, direct
nornmal, and diffuse solar radiation for a one-year period. The follow ng
docunents these inputs:

1.4-131



C. Hourly Wather Data - SOLMET. The heat bal ance at the ground-air
interface 1s performed once each hour. Hourly Sol ar Radiation-
Met eorol ogi cal (SOLMET) (see Reference 21, SOLMET User's Manual, National
Cimtic Center) weather data input is read directly into the conputer
program and allows an explicit calculation of the follow ng heat flux
components: (1) convection-heat transfer, (2) solar heat-gain, (3)
infrared radiation exchange with the atnosphere, and (4) latent heat of
evaporation from ground cover.

The typical neteorological year data base (TMY) (see Reference 22,
Typi cal Meteorol ogical Year User's Manual, National Cinmatic Center) used in
the sinulations represent a 30-year average of solar insolation and
met eorol ogi cal data and is conpiled directly fromthe SOLMET data base.
(Typical nonths for the 30-year period were selected and then spliced
together to make up one typical year--snoothing functions were used where
each nonth was spliced together.) Figure 64 identifies the various
insol ation and weather paraneters stored on the tape.

4, SUMVARI ES AND HEAT FLUX TABLES. A principal concern of the Navy in
utilizing earth-sheltered building design is return on investnent.
Consistent with this econonic enphasis, this section provides tables for
determ nation of bel owgrade heat flux as a function of clinmate, insulation
t hi ckness and depth, and degree of earth-sheltering. The prinary objective
of these tabulated results is to enable the system designer to predict with
reasonabl e accuracy the monthly peak heat |oads of earth-contact surfaces,
thus all owi ng HVAC equi prent to be sized. A secondary objective of the
tabulation is to facilitate an overall understanding of the potential for
energy conservation through earth-sheltered construction techniques-that
is, to quantify the seasonal energy performance of bel owgrade walls and
slabs for varying levels of earth-sheltering, insulation thickness and depth.

These procedures shoul d not be misconstrued as the definitive solution
to predicting thermal performance of bel owgrade surfaces. |f accurate
thermal performance data is required for a specific building configuration
and/or location, separate detailed hour-by-hour conputer simulations nust be

carried out. Also, note that analysis nmethods are still under devel opnent.
For exanple, the boundary condition at the ground surface is still being
consi der ed.

a. Description of Earth-Sheltered Building Configurations Mdeled.
Four building configurations were nodeled: (1) slab-on-grade, (2) half-berm
(3) single-story full berm and (4) three-story full berm The
configurations were selected so as to represent the full range of typically
encountered earth-sheltered buildings. The four configurations were nodel ed
under ldentical interior, weather, and soil conditions. Only the insulation
t hi ckness and depth is varied in the sinulations (Refer to Figure 102 for an
i ndex which tabulates the sinmulations according to building |ocation,
installation thickness, and depth). In Section 6 a paranmetric analysis is
carried out to determine the sensitivity of the building s thernal
performance to soil type. Cross sections through the four building
configurations are illustrated in Figures 65 through 68. These figures show
the location of construction materials and di mensions.

1.4-132



4

6 in (150 mm) Concrete

fl

4
(.22

50 1t
(15.24 m)

Adiabatic bouridary

lr

/ (Soil with grass cover
Extruded polystyrene]

l Flux Tables tor

insulation - see Heat
thickness and depth
14 in (350 mm)

26 1t Concrete

792 m

Adiabatic boundary

L_ Constant deep ground temperature |

60 ft
(18.20 m) i

6 in (150 mm) Concrete
/Soil with grass cover

FI GQURE 65

Schemati ¢ Cross-Section for Sl ab-

on-Gade Building

55 1t
(16.76 m)
Adiabatic bounda

6 in (150 mm) Concrete
Soil with grass cover

F"Extruded polystyrene I
\ insulation -see Heat
Flux Tables for
thickness and depth

I~—14 in {350 mm)
Concrete

ary ..

Adiabatic boundary

IN
ne .
-
\nd .
- — 0 ——— " — > S— Stm—

Constant deep or_ound temperature

60 ft
(1829 m)

B N —

FI GURE 67

Schematic Cross-Section for Full-

Berm Bui | di ng

—Extruged Do\ystwenel
insulation -see Heat 1
Flux Tabies for
thickness and depth I
> 14 in (350 mm) ]
T g Concrete >
Sl ©
S B 5
- 9 L?
él "nw
s ©
g ;
)
Constant deep ground tempersture I
60 ft J
T18.29 m) 0
FI GURE 66
Schematic Cross-Section for Half-
Ber m Bui | di ng
=
' =E ] K ]
l ol@ . \Sou Jyith grass H
N3 *_\Extruded
3 olystyrene H
= insulation -
ol® Heat Flux Tabies
L5 ol
a" el 14 in (350 mm) |3
© Concrete }3
T < 6 in (150 mm) 3
=l Concrete .o
ojm L&
- S
Q
<
[ ]
261t !
17.92 m l
6011
{18.26 m)
A L__ Constant deep ground temperature____ |
FI GURE 68

Schemati ¢ Cross-Section for Full-
Berm 3-Story Building

1.4-133




TABLE 5
Buil ding and Soil Properties Used in Conmputer Sinulation

Thermal
Density Specific Heat Conductivity

MATERIAL Ib/ft*kg/m*®  Btu/(lb °F) kJ/(kg °C) Btu/(ft h °F W/(m °C)
Concrete 150.0 2403 0.230 0.963 0.900 1.558
Extruded Polystyrene 20 32 0.270 1.130 0.016 0.028
Soail: Wet 120.0 1922 0.275 1.151 1.400 2.423

Average 114.0 1826 0.275 1.151 1.100 1.904

Dry 100.0 1602 0.275 1.151 0.400 0.692

TABLE 6
Conbi ned Surface Convection and Linearized Radiation Heat Transfer
Coefficients Used in Conputer Mdel

Boundary at Direction Surface Conductance
Building Interior of Heat Flow Btu/ft’h °F  W/m?°C
Floor Upward 0.78 4.4
Downward 0.19 11
Wall 0.60 3.4
b. Input Parameters. Refer to Tables 5 through 8 for a sunmary of

building and soil properties, heat transfer coefficients and building
interior dry-bulb tenperatures, and constant deep ground tenperatures input
into the conputer nodel

C. Heat Flux Tables. Conputer sinulation results of the dynanic
thermal performance of the four building configurations analyzed are
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TABLE 7
Specified Building Interior
Dry-Bulb Air Tenperatures Used in Conputer Mdel

Dry-Bulb Air Temperatures (°F)
Building Location J F M A M J J A S (@) N D
Minneapolis 70.0 700 700 710 720 730 750 740 720 700 700 700
Boston 700 700 700 710 720 730 750 740 720 700 700 700
Seattle 700 700 700 710 730 740 750 750 730 700 700 700
Kansas City 700 70.0 700 710 730 740 750 750 730 710 700 700
Albuquerque 70.0 700 700 710 73.0 740 750 750 730 710 700 700
Phoenix 700 72.0 73.0 740 750 750 750 750 750 730 720 710
Miami 71.0 720 730 740 750 750 750 750 B0 740 730 720
19F = 9/5°C + 32
TABLE 8

Constant Deep Ground Tenperatures
Used in Conputer Model

Deep Ground Temperature

Location °F °c

Minneapolis 45.1 7.28
Boston 52.3 11.28
Seattle 52.1 11.17
Kansas City 54.7 12.61
Albuquerque 57.8 14.33
Phoenix 71.3 21.83
Miami 76.5 24.72

presented in Tables 21 through 42.  Henceforth, these results will be
referred to as the "Heat Flux Tables.” These are located in Appendix A

Seven U S. cities have been anal yzed:

* Al buquer que e Boston
+ Kansas City e Mam

* Mnneapolis e Phoeni x
o Seattle

1.4-135



Floor heat loss rate (Btu/h it?)
(] [/
/—’\

< .

L
|
o 2 4 6 8 10 12 14

Distance from wall (feet)

1ft=.3048m
1 Btu/h ft*= 3.1546 W/m’

FI GURE 69
Fl oor Heat Loss for January, M nneapolis

The Heat Flux Tables are categorized by building |ocation
insul ation thickness, and depth. On the horizontal axis of the tables, the
data is subdivided by surface type. The vertical axis is subdivided by
building configuration. Average monthly heat fluxes, in addition to the
monthly peak heat |osses and gains, for each building surface are
presented. The last two colums of each category--designated “HRS HT O\’
and “HRS CL ON'- indicate the nunber of hours heat was |ost or gained from
the building surface.

The heat flux values presented for the walls represent the average
flux for the entire surface (that is, average flux fromfloor to ceiling).
The data for the slab is slightly nore complex to interpret. The heat flux
data under the heading “slab perimeter” represents the average heat |oss or
gain for the first 20 feet (6 n) of the slab. The “slab interior”
represents the conditions at the slab’s centerline (axis of symetry).

To properly use the Heat Flux Tables, it is inportant for the user
to understand the dynam c thermal perfornmance of the slab-on-grade. For
instance, consider a slab which is relatively large in w dth--approxi mtely
50 feet (15 m in width or greater. Because of the slab’s large floor area
the heat |oss, except near the perimeter, is not strongly coupled to the
ground surface, but rather establishes a quasi-steady-state heat transfer
rate with the deep-ground environnment. Consequently, the therma
performance of |arge slabs can be described with reasonable accuracy by
representing the slab at two regions: (1) the slab perineter, outer 10 to
20 feet (3 to 6 m, and (2) the slab interior. This point is graphically
depicted in Figure 69. As one nmoves inward fromthe slab perineter, heat
| oss becomes essentially constant at the 10-foot (3-m) mark. On a
residential scale, heat loss occurring at the corner of the building becones
significant when conpared with the total loss of the earth contact slab and
walls. As a consequence, the above strategies do not apply to smal
bui | di ngs.
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FIGURE 71

Annual Floor Heat Loss/Gin Mani, Sl ab-on-Gade Building

Figure 102 in Appendix Aidentifies seven major climatic regions of
the US. Each region is represented by one of the seven cities anal yzed.
To obtain heat flux data for a particular |ocation, the designer should: (1)
find the region fromFigure 102 which his building site falls within, (2)
identify the representative city for that region (indicated in Figure 102),
(3) refer to the appropriate heat flux tables in Appendix A for that city,
and (4) use the Heat Flux Table with the nearest R-value for the
insulation. It is inportant that the designer understand that this
tabul ated data only represents a set of specific climatic conditions and is
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FIGURE 72
Annual Vall and Floor Heat Loss M nneapolis
Full Berm |-Story Building

not intended to represent all mcroclimatic regions of the United States.
However, the seven cities which were analyzed will provide a data base which
I's broad enough to: (1) optimze insulation thickness and depth, (2) provide
heat flux information for sizing HVAC equi prent, and (3) conpute the

i ntegrated annual heat |oss and gain of earth-contact surfaces.

d. Results and Discussion. Wall and floor thernal performance results

for the slab-on-grade, full-bermone-story, and full-bermthree-story
buildings in Mnneapolis and Mam are discussed.
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Annual Wall and Floor Heat Loss/Gain Mam,
Full Berm |-Story Building

Figure 70 shows that adding perimeter insulation to the
sl ab-on-grade building In Mnneapolis significantly reduces floor heat
losses. In Mam, perineter insulation reduces floor heat [osses in the
winter and gains in the sumer (see Figure 71). However, these benefits are
not nearly as significant as in the northern climates. A cost-benefit
anal ysis woul d have to be carried out to deternmine if the reduction in
bui | ding heating and cooling requirements offsets the capital investnent in
i nsul ati on.

Beat | o0ss through the earth-covered walls for the full-berm
one-story building in Mnneapolis is substantially reduced by adding 2
inches (50 mm of insulation to the exterior of the wall to a depth of 8
feet (2.4 n). See Figure 72. Additional |evels of Insulation produce only
margi nal inprovements in thermal performance. Slab thermal performance is
nearly identical for cases I, Il and Ill. However, a significant reduction
in slab thermal performance is observed in case IV. In this case, heat |oss
fromthe | ower portion of the foundation wall is reduced by carrying
insulation down to the footings, thus producing col der ground tenperature.
These col der ground tenperatures increase heat |oss fromthe sl ab.

Insul ation produces only marginal inprovenents in thermal performance in
Mam (see Figure 73).

Several interesting points can be drawn from Figures 74 and 75 for
the full-bermthree-story building. First, ground coupling effects
significantly reduce the anplitude of the wall's heat [oss profile as one
noves down fromthe upper to the lower levels. Second, the tinme-lag effects
for the wall heat loss at levels two and three of the building are

substantial.  The lag can be months in duration. Peak heat |osses do not
occur until md-July in Mnneapolis. The thermal |ag exhibited by cases |
and Il in Mam, denonstrate the beneficial effects of ground coupling

Slab heat |oss offsets cooling requirements during the summer nonths while
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heat gains offset heating requirements during the winter nmonths. However
these benefits may not be that significant when conmpared to the building' s
total space conditioning requirenents. Nevertheless, cooling benefits
derived fromearth-contact surfaces may be very useful in reducing peak
cooling requirenments. Thus the initial cost of cooling equi pment may be
reduced corresponding to the reduced peak | oads

In general, the floor heat |oss/gain has the maxi num ground
coupling of all the building configurations analyzed. The slab heat |oss is,
very sensitive to the interior air tenperature due to the relatively
constant ground tenperature conpared with the variable outdoor air
tenperature.

5. SAWPLE LOAD CALCULATION PROCEDURES. This section presents mnethodol ogies
for estimating the thermal perfornmance of earth-sheltered buildings.

Results of the detailed conputer sinulations, presented in the Heat Fl ux
Tabl es provide a basis for estimating peak |oads and annual energy
performance of earth-contact surfaces.

a. Sizing of Heating and Cooling Systens.

(1) Space Heating Load. Heat |oss calculations consist of
estimting the maxi mum probabl e heat |oss of each roomor space to be heated
while maintaining a selected indoor air tenperature during periods of design
outdoor weather conditions. Heat |osses consist primarily of:

« Transm ssion Losses. Heat transferred through exterior walls,
wi ndows, roof, floor, and earth-contact surfaces

« Infiltration Losses. Energy required to warmoutside air
whi ch | eaks through cracks around doors and w ndows.

« Ventilation Requirements. Energy required to warm outside air
to room tenperature for ventilation purposes

(a) Calculation of Transm ssion Heat Loss for Above- G ade
Surfaces. See ASHRAE criteria (Reference 13) for tables and procedures for
conputing overall heat transm ssion coefficient for building materials for
wal I's, floors, ceilings, glass, and doors. For all facilities, use outside
design tenperatures from97-1/2 percent colum in Arny, Navy and Air Force
manual , Engi neering Wat her Data, NAVFAC P-89 (see Criteria Sources). For
inside design tenperatures, refer to NAVFAC DM 3.3 (Chapter 3, Heating
Syst ens) .

(b) Calculation of Transm ssion Heat Loss through
Earth-Contact Walls. To estinmate the transient heat |oss through basenent
and earth-contact walls, the Heat Flux Tables located in Appendix A nust be
used. Heat loss is estimated by neans of

q = (A (LS) (1)

WHERE
q = heat transfer through the earth-contact wall (Btu/h)
A =area of earth-contact wall (ft?
LS= peak heat loss (see Heat Flux Tables) (Btu/h ft?
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Annual Wall and Floor Heat Loss/Gain Mam,
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(c) Calculations of Transm ssion Heat Loss Through
Earth-Contact Slabs. The transient heat |oss through earth-contact slabs is

calculated in a manner similar to that of earth contact walls. Slab heat
loss is calculated by:

q=(A (LS) (2)
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WHERE:
g = heat loss through the floor (Btu/h ft?)
A = area of floor (ft?

LS,= peak heat-loss of the slab perineter or interior (see Heat Fl ux
Tables) in Appendix A (Btu/h ft?

The Heat Flux Tables only apply to buildings which are approxinmately 50 feet
(15 m in width or greater. |If these methods are applied to conditions
where the building is smaller in wdth, belowgrade heat |osses wll be
underesti mat ed because of the neglected three-dinensional corner effects.

(d) Calculation of Sensible Heat Loss Due to Infiltration and
Ventilation Air. Heat |oad-due to infiltration and ventilation air is a
function of quantity of air and &sign inside and outside tenperature
difference. Refer to NAVFAC DM 3.3 (Chapter 3, Heating Systens) and ASHRAE
criteria (see Reference 13) for methods in estinmating the quantity of
infiltration and ventilation air.

The followi ng exanple problemillustrates the use of the Heat Fl ux
Tables for estimating the peak heating |load of a partially earth-sheltered
building. This analysis denonstrates the use of earth-sheltered design
procedures in conjunction with above-grade procedures.

(2) Exanple Problem 1. Calculate the heat |oss rate at design
conditions of the two-story earth-sheltered office building (see Figures 76,
77, and 78) located in Mnneapolis, Mnnesota. From NAVFAC P-89, Chapter 1,
desi gn outdoor conditions are -16°F (-26.7°C) and 15 mile/hour (24 kn h)
wind speed. Estimate infiltration |osses by the air change nethod. Ignore
internal heat gains. For earth-contact heat fluxes, use January design
values from the Heat Flux Tables. Assume an indoor dry-bulb tenperature of
70°F (21.1°C). The building is constructed as follows:

ABOVE- GRADE WALLS: 0.5 inches (13 mm) gypsum board, air space, 12-inch
(300-mm) concrete block, 2-inch (50-nmm extruded pol ystyrene insulation,
I -inch (25 mm) air space, face brick. COverall heat transfer coefficiency =
0.0726 Btu/ft*h °F (0.4122 Wn2 K).

ROOF:  Acoustical tile, 24-inch (610-m) air space, 20-gauge netal deck,
0.75-inch (19-mm) perlite insulation board, 2-inch (50-nm isocyanurate foam
insul ation board, 4-ply built-up roof. Overall heat transfer coefficient =
0.0526 Btu/ft’h °F (0.2987 WniK).

WNDOAS :  1-inch (25-nmm) insulating glass. Overall heat transfer
coefficient = 0.58 Btu/ft’h °F (3.29 WniK).

BELON GRADE WALLS:  14-inch (350-mm) cast-in-place concrete with 2
inches (50 mm of extruded polystyrene insulation board applied to the
exterior wall to a depth of 8 feet (2438 nmm).

EARTH CONTACT FLOOR 6-inch (150-mm) concrete slab.

SOL: k =1.10 Btu/h ft °F (1.904 WmK), density = 114.0 |b/ft’
(1,826 kg/m), C =0.275 Btu/lb °F (1.1514 kJ/kg K).
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SOLUTION.  Calculations for this problem are presented in Table 9. The
values in Colum F of Table 9 were obtained by nmultiplying together the

values in Colums B, C and DE.  See reference notes for Table 9 for further
explanation of the data.
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TABLE 9

Heat Loss Calculation for Exanple 1

Heat Loss Component

Roof

Above Grade Walls
Below Grade Walls
Windows

Entry Door in South Wall

Earth Contact Floor
Slab Perimeter

Earth Contact Flour
Slab Interior

Infiltration

Ventilation Air

B

Net Exterior
Area or Air

Volume
10,500
4,400
5,280
880

50

7,200

3,300
34,000

52,800

ft*

ft?

ft’

ft*
ft'’h

ft’/h

C
U-Value
Coefficient
Btu/h ft’°F

0.0526

0.0726

0.580
0.083

0.018

0.018

D

Temp.
Diff.
°F

86

86

86

86

86

86

E

Heat Loss Rate for

F

Heat

Earth Contact Surface Loss

Btu/h ft’

3.23

0.98

0.79

TOTAL LOAD

T e

0.018 = Btu/ft’°F

Calculated from gross wall area, less fenestration and doors.

Btu/h
47,500
27,470
17,050
43,900

360

7,050

2,600
52,630

81,730

280,290

Volume of infiltration, ft/h = (number of air changes/hour) x (floor area) x (ceiling height)

d. Outdoor air introduced for ventilation, ft/h = (number of occupants) x (5 ft/min./occupant)

X (60 minutes/hour)

e. Value extracted from Table 30.

Conversion formulas:
1 ft'= 0.0283 m’
1 ft'= 0.0929 m’

1 Btufft°F = 67.0661 kJ/m'K
1 Btu/h ft*°F = 5.6783 W/m’K

1 Btu/h ft’= 3.1546
1°F =9/5°C + 32
1 Btu/h = 0.2931 W

Wim?
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(3) Space Cooling Load. The space cooling load is the rate at
whi ch heat nust be renoved froma space to nmaintain the roomair tenperature
at a constant value. The summation of all space instantaneous heat gains
does not necessarily equal the cooling |oad for the space at that tine. The
thermal storage effect of the building mass tends to delay the transfer of
heat to the roomair. These thermal storage effects are inportant in
determ ning cooling equi pment capacity. For a conprehensive review of heat
transfer principles related to sizing cooling equipnent for buildings, refer
to NAVFAC DM 3.3, Chapter 5, Air Conditioning and Dehum di fying System and
ASHRAE criteria (see Reference 13). The subsequent sections review cooling
| oad cal cul ation procedures as applied to earth-sheltered buil ding.
Cal cul ation procedures for above-grade buildings are also included since
many earth-sheltered buildings incorporate above-grade buil ding spaces into
the design

(a) Calculation of Cooling Load Due to Transmi ssion Heat
Gai ns Through Above-Gade Walls and Roofs. Refer to ASHRAE criteria
(Reference 13) for calculating transm ssion and solar |oads. For "U' factor
for type of construction involved, see ASHRAE criteria (Reference 13).

(b) Calculations of Space Cooling Load Due to Solar Heat Gain
Through Wndows. Refer to NAVFAC DM 3.3, Chapter 5, for design procedures
for calculating solar heat gain through glass. Also, refer to ASHRAE
criteria tables (Reference 13) for shade and storage factors.

(c) Calculation of Transm ssion Heat Loss/Gain Through
Earth-Contact Walls. Use the Heat Flux Tables to estimate earth-contact
wal | heat fluxes during sumrer nmonths. Heat |oss or gain can be estimated
by nmeans of:

q=(A (LS) (3)
VWHERE
= heat transfer through the earth-contact wall (Btu/h)
2 = area of earth-contact wall (ft?)
LS, = peak heat loss/gain for sunmer design conditions fromthe Heat

Flux Tables (Btu/h ft?

(d) Calculation of Transm ssion Heat Loss/Gin Through Earth-
Contact Slabs. The slab heat loss, or gain, during sumer design conditions
is given as:

g = (A (LS) (4)
VWHERE
q = heat loss/gain through the floor for sumer design conditions
(Btu/h ft?
A = area of the floor (ft?
LS = peak heat loss/gain for summer design conditions. (Btu/h ft?

See Heat Flux Tables in Appendix A
(e) Calculations of Space Cooling Load Due to Lights and

equi pnrent.  See ASHRAE criteria (Reference 13) for calcul ating heat |oad due
to lights and equipnent.
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(f) Calculations of Space Cooling Load Due to People. For
determ nation of space cooling load (sensible and |atent) due to the people
refer to ASHRAE criteria (Reference 13).

(g) Calculation of Space Cooling Load Due to Ventilation and
Infiltration Air. For procedures in estimting the outside air |oad refer
to NAVFAC DM 3.3, Chapter 5.

(4) Exanple Problem 2. Calculate the total cooling |oad, at
design conditions, of the two-story, earth-sheltered office building (Figure
76, 77 and 78) located in Mnneapolis, Mnnesota. Refer to exanple problem
1 for a description of building construction. From NAVFAC P-89, Chapter 1,
out door design conditions for Mnneapolis are: dry-bulb tenperature 92°F
(33°Q); daily range, 23°F (-5°C); wet-bulb tenperature, 75°F (23.9°C); W
= 0.0148 |b vapor/Ib dry air. Indoor design conditions: Dry-bulb
tenperature, 78°F (25.6°C); wet-bulb tenperature, 65°F (18.3°C); W=
0.0102 Ib vapor/lb dry air. Cccupancy: 176 office workers from8 AMto
5 PM Lights: 52,500 watts (2.5 watts/ft2), non-vented fixtures, from8
AMto 6 PM Equipnent: 10,500 watts (0.5 watts/ft?). For earth-contact
heat fluxes, use August &sign values fromthe Heat Flux Tabl es.

SOLUTION.  Calculations for this problem are presented in Table 10. It
may be necessary to make sonme trial cooling |oad cal culations to determne
the time of the maxinum load. The cooling load results presented in Table
10 represent the total instantaneous space cooling |oad of the entire
building. Cooling requirements for each zone nust be cal cul ated on an
individual basis. See reference notes for Table 10 for further explanation
of the data.

(5) Linmtations of the Cooling Load Cal cul ation Procedures
Presented in this Section. One of the inherent limtations of the data
presented in the Heat Flux Tables is that the conputer sinulations were
performed with fixed interior air tenperatures; that is, the interior air
tenperature was not allowed to float. Also, the simulations did not account
for radiant heat transfer frompeople, lights; and equipnent to the earth-
contact surfaces. Consequently, the peak cooling |oads, as estinmated by the
procedure presented in this nmanual, nmay be slightly overestimated since the
cooling potential of earth-contact surfaces to renove the radiant portions
of unwanted heat frominternal sources is not nodeled. Note that the
cooling load factors (CLF's), which are utilized in this manual, do account
for the thermal storage effects of the building nass. However, these
factors are based on the thermsl performance of above-grade structures.

Refer to Appendix C for Wrksheets which will aid in the
cal cul ation of peak heating and cooling | oads of earth-sheltered buildings.

If extrenely accurate thermal performance data is required for
a specific building and/or location, separate detailed hour-by-hour conputer

simulations nust be carried out. |In the near future, conputer prograns (for

main frame conputers) will be available for simulating the thernal

performance of bel owgrade structures on an hour-by-hour basis. It should

be noted that the use of these prograns can involve a significant amount of
training, preparation time for input data, and conputing tine.
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TABLE 10

Cooling Load Cal culations for Exanple 2
Heat Gain Net Exterior U-Vaive intemal Terrp. Cooling Heat Fhux Shading Solor Cooling Cooling
Cormponent Area ond Coefficient Heat Diff. Lood  Rate for Cosfficient Heat Lood Load
Yolume Gain T.;fo. Es:m Contact (SC) Gain (Fcnr
BmilF Bum OF  F amid Bru Brum
Roof 10,500 2 00526 ! 43,080
Below Grode Walt 5,280 12 2.08¢ {10,980)
m(su p'm' 'c.' Fknr) 7,200 12 1100 X )
me
Earth Contact Floor 3,300 12 0.88¢ @.500)
{Slab interior)
Entry Ooor in #0083 89 200
Sauth Wall
Above Grade Walls®
North 1650 02 007% ] 1,080
Eost T0R? | 00726 n9 1,340
South 145 12 0072 ng 1,680
Wast mou? o012 uws %
Windows - Conduction
North 0 0.580 nh 2,260
East o 0580 3 1,050
South %0 0580 nh 2260
Waest 1w 0.580 nh 1,050
Salor Heat Gain
North 20 040 ] 0.80 4,750
East 140 0.0 n 0.1y 3,370
South 20 040 180 oA 15,800
West 10 0.60 21 07 12,560
Intemal Sources
Lights 179,10 090 163,215
Equipment 882% 0.87 31,170
People 4,000 0.85 37,400
Verstilation ord
nfiltrotion
Infiltration® w000 #3m  0.018° 12 7,300
Ventilation® 52,800 #3m  0.018° 12 11,800
SUBTOTAL  Latent 318,008
infiltration® 34,000 #1371 13,060
Vantilatian? 52,900 /M 0,200
People %,000
SUBTOTAL 71,30
GRAND TOTAL LOAD 395,345
Foomoten
a Caicviated from gross wall area, less fenestration and doors.
o of infiltration, 13/ « (wmber of air chonges) x (flcor area) x (cefling height)
e 0018 « B/HF
d. Qutdoor air i duced for #13/h = (momber of ‘x(SﬁJ'—‘-_' ) x (60 mi fhour)
e. Vaive extracted fom Table X0.
§. Vales extrocied from Table SA, Chapter 26, ASHRAE Handd of Fi

g. Valumes extracted from Table 7A, Chapter 26, ASHRAE Handbook of Fi

h. Vaiues extrocted from Table 10, Chapter 26, ASHRAE H

dbook of Fi

Conversion formuiass
1113 . 00280 m?
1612 100929 m?
1 81wt OF 2 67.0661 kaim3K
1 Brwh 112 OF + 5.6783 Wim?K
1 Btwh 112 = 11546 Wim?
19F 2 9/59C + 22
iBtwh = 0293t W
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b. Integrated Annual Energy Consunption. The cal culation of annua
energy requirenents for large earth-sheltered buildings is somewhat nore
difficult to calculate than the peak |oad. A thorough analysis of the tota
energy bal ance nust be made in order to accurately establish the energy
requirenents. of the building. The degreeday concept is not accurate enough
for determning annual energy requirements for |arge above-grade buildings
since this method solely relies on the isolated itemof heating. Cooling
rather than heating is necessary in many winter situations wthin buildings
of the modern nultifunction type. This is a very typical situation in
earth-shel tered buil dings where envel ope losses are nminimzed. It is
becom ng cost-effective to recover excess heat fromthe core of the building
and utilize it in perinmeter zones. These requirenents further conplicate
cal culation procedures.

Because of the conplex nature of all factors involved, no sinple
met hod has yet been devel oped for estimating the energy requirements of
large earth-sheltered buildings. Currently, the only accurate way of
estimating these energy requirements is the use of conputer simulation
prograns whi ch perform hour-by-hour calculations. An alternative to
conputer sinulation is the use of the "variable-bin" method. The
"variabl e-bin" nethod consists of perfornming an instantaneous energy
calculation at many different outdoor dry-bulb tenperature conditions, and
multiplying the result by the nunmber of hours of occurrence of each
cal cul ation.

The renmai nder of this section presents nethods for estimating space
conditioning requirements of earth-sheltered buildings. The "variable-bin"
concept is used in conjunction with the Heat Flux Tables. For a conplete
description of the variable method, refer to ASHRAE Systens Handbook- (see
Ref erence 23).

(1) Thermal Performance of Earth-Contact Surfaces. To estinate
the annual heat |oss/gain of earth-contact surfaces, refer to the Heat Flux
Tabl es and then carry out the follow ng procedure:

(a) Determine the location of the building and select the
region which the building site falls within (see paragraph 4.c, and Figure
102).

(b) Select one of the four building configurations available
whi ch nost closely approximates the building type under study (see paragraph
4a and Figures 65 through 68).

(c) Select the insulation thickness (see Figure 102).

(d) Enter the Heat Flux Tables at the appropriate building
configuration and construction conponent. To obtain the heat |oss for any
monthly period nultiply the area of the surface in question by the average
heat |oss (under the heading “AVE HEAT LCSS') by the nunmber of hours heat is
being lost (under the heading "HRS HT ON'). To obtain heat gains, use the
heat flux values under the headings "AVE HT GAIN' and "HRS CL ON'.

The above procedure can be repeated for other |evels of
earth-sheltering and insulation thickness to determ ne cost effectiveness of
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various building alternatives, that is, to performan econonic analysis
based on energy perfornance.

(2) Total Space Conditioning Requirenments. To accurately estimte
the space-conditioning requirements of earth-sheltered buildings, the
"variabl e-bin" nmethod nust be used in conjunction with the Heat Flux
Tables. The "variable-bin" concept is based on the fact that energy used in
a certain period of tine equals the average load times the nunber of hours.
The first principle to keep in mnd when using this nethod is that the
"bins" shoul d be selected so that there is no qualitative change in the node
of operation within the bin. The second principle is that within each "bin"
an average load is calculated with average climtic and building data. This
average times the time length of the bin gives part of the consunption.

Thi s averaging gives results which are very sinmlar to hour-by-hour
cal cul ati ons.

It is inportant to identify the bins which represent different
usage functions. For exanple, the energy required to condition outside air
woul d require a mininmumof two bins: one bin for preheat (w nter nonths)
and a second for cooling (cooling nonths). Additional nodes would be
created by the various operating nmodes of the system or component. For
instance, additional bins would be required if the fans are not operated
during unoccupi ed hours or if the perimeter heating systemis not used
during summer nonths.

Note that the more bins created, the nore tine spent on
calculations. For large buildings with variable |oad profiles (for exanple,
a profile which has 100 percent internal heat gains during the day and 0
percent internal |oads at night), two bins are required to describe these
conditions. During the day, perineter zones may not require any heating
during winter months because of high interior heat gains, however, at night
heating may be required to offset envel ope heat |osses. This same concept
also applies to earth-sheltered buildings; envelope |oads are reduced to
such a point that internal heat gains may be more than adequate to of fset
these losses. Refer to the preceding section for calculation procedures on
estimating the nonthly thermal performance of earth-contact surfaces.

The bin nethod may be used with or without refinements such as
coi nci dent wet-bul b conditions, depending on the anticipated inpact of the
additional paraneters. Weather data for use with the bin method is
avai l able in NAVFAC P-89.

The "variabl e-bin nethod" of energy estimating has the
advantage of allow ng building zones with conplex operating schedules to be
analyzed. This permts the user to accurately predict effects, such as

reheat and "free cooling," that can only be guessed at with |ess
sophi sticated procedures.

Appendi x C contains worksheets which are formatted to use the
variable-bin nmethod. To calculate the annual heating and cooling
requirements of an earth-sheltered building, Wrksheets A and B nust be
used. Depending on the number of different zone operating tenperature
schedul es, Wrksheet A (Cinmatol ogical Data for Use in Calcul ating Energy
Consunption) nust be filled out a mninumof 12 times, once for each nonth.
Wrksheet B (Heating/Cooling Load Calculations, Integrated Value) nust be
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filled out for each zone of the building for each month and bin condition
The total annual heating and cooling load of the building is the summation
of the totals on Wrksheet B for each zone and bin condition.

Witing a conputer programto perform these conputations may
be nore expedient in the long run

6. EARTH COVERED ROOFS. The large thernmal mass associated with
earth-covered roofs danpens the continuous fluctuations in the external air
tenperature. Earth-covered roofs are nore than capable of countering the
radi ant heat gains (solar) if plant cover is provided and well irrigated
(See Reference 26). Vegetation-covered roofs can provide net cooling
benefits during the cooling season. These benefits are significant, but
typically will represent less than 1 percent of the total building cooling
| oad (commercial- or institutional-scale buildings). Thus, an inportant

di stinction between earth-covered and conventional roofs is that an
earth-covered roof may provide cooling benefits while a conventional roof
would add to the total cooling |oad.

During the heating season, an earth-covered roof’s annual energy
performance will be simlar to that of a well-insulated conventional roof.
The difference in energy performance is directly dependent on the depth of
earth cover and the anount of insulation applied to the conventional roof.
Wnter peak design |oads of the two roof types will be simlar unless |arge
anounts of earth cover are applied to the roof (over 1 foot (300 my). It
may be difficult to justify an earth-covered roof with small anounts of
earth cover (6 inches (150 mm)) on a transient basis, since a roof of this
type will nearly reach steady-state heat |oss conditions over periods when
cold fronts exist for days or weeks at a time. Earth-covered roofs wth
| arge anounts of earth cover shoul d be anal yzed by considering the therng8l
mass when determning the peak heating |oads of the roof conponent.

|f very accurate thermal performance data is required, hour-by-hour
conmputer sinulations nust be carried out to predict the peak and annua
energy performance of the roof conponent (heating and cooling).

7. SENSITIVITY OF BU LDING THERVAL PERFORVANCE TO SO L TYPE. A paranmetric
anal ysis of the thermal performance of earth-contact surfaces as a function

of soil type is presented below. Tabulated results are presented for
M nneapol i s and Phoeni x.

The thernmal perfornmance of earth-contact surfaces is very sensitive to
soil thermal diffusivity. To partially quantify these effects, conputer
simulation results of the thermal performance of the slab-on-grade and
full-bermone-story buildings, for various soil types, are presented in
Tables 11 through 14. The two cases selected for analysis were nodel ed
under identical interior and weather conditions. Only the soil type and
level of insulation are varied. Sinulation results (heat |oss and gains)
are presented on an integrated annual basis.

Several interesting points can be drawn from Tables 11 and 12 for the
slab-on-grade building. First, note that the slab thermal performance, for
the three soil types, varies substantially fromthe northern clinates
(M nneapolis) to southern climtes (Phoenix). For exanple, annual heat
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TABLE 11
Sensitivity of Slab Thermal Performance to Soil Type,
Sl ab- on- Gr ade, M nneapol i s

Annual Heat Loss

Soil Type Btu/ft® Normalized
Uninsulated
Average 13,187 100
Dry 9,175 70
Wet 14,982 114
Insulated
Average 10,572 100
Dry 6,183 58
Wet 11,873 112
Footnotes:

1. Insulation thickness = 4 in (102 mm),
depth = 4 ft-0 in (2.44 m)

2. Refer to Table 7 for thermal properties of the
three all types.

1 Btu/ft’= 11.3559kJ/m*

TABLE 12

Sensitivity of Slab Thermal Performance to Soil Type,
Sl ab- on- G ade, Phoeni x

Soil Annual Heat Loss Annual Heat Gain
Type Btu/ftt Normalized Btu/ft® Normalized
Uninsulated
Average 3,134 100 466 100
Dry 2,868 92 105 22
1
Insulated Wet 3,396 08 764 164
Average 2,125 100 198 100
Dry 1,638 77 108 55
Wet 2,347 110 218 110

1. Refer to Table S for thermal properties of the three soil types.
2. Insulation thickness = 2 in (51 mm), depth = 4 ft-0 in (2.44 m).

1 Btu/fftt'= 11.3559 kJ/m*

l oss in Mnneapolis and Phoenix is reduced by approximately 40 percent and
20 percent, respectively, by going fromthe average to the dry soil. This
di screpancy naekes predictions for internediate climates difficult. Second
the thermal performance of the slab during summer nonths is nmore sensitive
to change in soil type than the thermal perfornmance during w nter nonths.
This is largely attributable to the magnitudes of heat fluxes involved. In
Phoeni x, slab thermal performance during the sumrer nonths (heat gains) wll
vary up to 80 percent depending on soil type. Examnation of Tables 13 and
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Sensitivity of §

TABLE 13

| ab and Wall Thernmal Performance to Soil Type,

Full Berm 1-Story M nneapolis

Insulated

Footnotes:
1. Insulation thickness = 4 in (102 mm), depth = 8 ft-0 in (4.88 m).
2. Refer to Table 5 for thermal properties of the three soil types.

Soil

Type

Uninsulated

Average
Dry
Wet

Average
Dry
Wet

1 Btu/ft'= 11.3559 kJ/m?

Annual Heat Loss

Wall Slab
Btulft® Normalized Btutft® Normalized
30,808 100 8,301 100
23,004 75 4,533 55
32,737 106 9,563 115
21,517 100 8,550 100
17,227 80 4,612 54
22,720 106 9,886 116

16 reveals that slab thermal
by changes in soil type than by the wall construction of the full-berm

one-story building.

performance is influenced to a greater degree

This is largely due to the stronger coupling of the

floor to the ground environnent and the nmagnitudes of the heat fluxes

i nvol ved.

In short, the sinulation results presented in Tables 11 through 14 can
be applied with reasonable accuracy to correct the heat flux data for
M nneapol i s and Phoeni x Heat Flux Tables located in Appendix A for very wet

or very dry soil

condi tions.

Caution shoul d be exercised when applying the

corrections for other locations. For exanple; correction factors could be
obtai ned for other locations by interpolation based on heating and cooling
degree days. However, this methodol ogy assunes that the correction is
linear, when in reality it would be non-Ilinear

If extrenely accurate thermal performance data is required for soi
conditions other than those sinulated, separate sinulations must be carried

out .
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Sensitivity of Slab and Wl | Ther mal

TABLE 14

Full Berm |-Story, Phoenix

Performance to Soil Type

Uninsulated

Insulated

Uninsulated

Insulated

ANNUAL HEAT LOSS
SOIL WALL SLAB
TYPE Btu/ft® Normalized Btu/ft® Normalized
Average 7090 100 541 100
Dry 4432 63 911 59
Wet 8041 113 1763 115
Average 4393 100 1570 100
Dry 3318 76 921 59
Wet 4880 111 1803 115
ANNUAL HEAT GAIN
SOIL WALL SLAB
TYPE Btu/ft’ Normalized Btu/ft® Normalized
Average 1329 100 477 100
Dry 175 13 336 70
Wet 1737 131 501 105
Average 374 100 463 100
Dry 127 34 340 73
Wet 535 143 494 107

1 Refer to Table 5 for thermal properties of the three soil types.
2 Insulation thickness 2" (51 mm), depth 8"-0" (2.44 m).

1 Btufft’=

11.3559 kJ/m?
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Section 19. DESI GN EXAMPLES

1. CGENERAL. The design exanple presented in this Section is restricted to
a single program and site, a Naval and Marine Corps Reserve Center in
Cncinnati, Chio. Two basic configurations, a half-bermed and full-bermed
structure, are devel oped schematically. The life-cycle analysis addresses
the major cost variables and utilizes the Heat Flux Tables in Appendix A to
determne the energy performance of each configuration. One of the two
configurations is carried through to final schematic design

2. PROGRAM REQUI REMENTS.  The program divides into two sections: the

adm nistrative functions and the training functions. In terns of their

I mpact on space conditioning, the admnistrative portion is used daily and
has a normal thernmostat setting- 78°F (25.6°C) for cooling and 68°F (20°Q)
for heating. Except for some storage functions with heating to 55°F
(12.8°C), the training functions have the sane tenperature requirenments as
the admnistrative functions. However, the schedule of occupancy for the
training functions is internmittent, normally with weekend occupancy only. A
t hernostat setback to 55°F (12.8°C) is required for these functions.

Table 15 lists the required area for each training function according to
location relative to an exterior wall. Cassrooms, for instance, nust have
natural light. (They nust also have wi ndows for fire rescue and ventilation
if the building does not have an automatic sprinkler system) On the other
hand, the assenbly room Navy storage, flamable storage, garage, and
mechani cal room nust be |located on an exterior wall for vehicular access.
Table 16 provides simlar data for the admnistrative functions. A vehicle
mai ntenance facility that is separate fromthe main building is also
required. The functions for this part of the programare given in Table 17
A sung?ry which includes a projected estimate of total gross area is given
in Table 18

3. TOPOGRAPHI C FEATURES. The site is on the same zoning lots as the
existing reserve center. The existing main building and ancillary buildings
must remain functional until the conpletion of the new reserve center. The
site, in general, slopes fromeast to west (see Figure 79). The western
edge has a slope of over 40 percent.

It would be inpractical to locate the building near the |ease |ine
because surface drainage woul d be towards the building with little room for
a drainage swale to divert the water around the building. Due to the volune
of water comng off the slope, catch basins would probably be required to
prevent erosion even if a drainage swale could be devel oped. This location
would al so tend to increase the amount of underground water against the
backwal | of the building.

Significant excavation of the sloped area will probably increase
construction costs in terms of both excavation costs and construction
access. Measures woul d have to be taken to avoid erosion of the slope
during construction. The stability of the slope nust also be taken into
consideration. A visual exam nation of the actual site reveals evidence of
slope instability in the formof old |andslide scars, slunps, and bowed
trees.
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Space Allocation by Mechanical,

TABLE 15

-ha Nat ur al
(Training Functions)

Li ght, and Access

NET AREA IN SQUARE FEET

Functions with Intermittent Use or Low Ambient Temperature

Windows or No Windows or
Exterior Doors Exterior Doors
Assembly 2,250
Classroom 800
Classroom 500
Classroom 620
Classroom 825 "
Project Room 60
Dentist 130
Medical Administration 520
Doctor 90
Storage (Medical) 120
amination Room 80
Toilet Room (Medical) 40
Mvultimedia, Navy 400
Muitimedia storage 60
Training aids, Navy 700
Training aids, Marine 400
Marine room 120
Storage, Navy 950
Storage, Marine 475
Armory, Marine 400
Lockers, Marine - 1,660
Lockers, Navy 760
Orying Room 70
Shower Room 120
Men's Toilet Room 280
Women's Joilet Room 120
Women's Shower 40
Women's Drying Room 25
Women's Locker Room 110
Janitor, Navy 80
Janitor, Marine 80
Flammable Storage 70
Garage 500
Mechanical Equipment 800
Walils and Partitions (3%) 386 327
Subtotal ‘ 8,101 6,867
{each column) '
Subtotal 14,968
(bath columns)
Circuiation
(1S percent) 2,245
TOTAL 17,213
| #2 = 0.0929 m?
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TABLE 16 .
Space Allocation by Mechanical, Natural Light, and Access

(Admi nistrative Functions)

NET AREA IN SQUARE FEET

Functions with daily use and normal thermostat setting.

Windows or No Windows or
Exterior Doors Exterior Doors
Recruiting, Navy 300
Recruiting, Marine 260
Conference Room 1,520
Crew's Lounge 450
Navy Active Administration 370
Navy Unit Administration 1,250
C.0. Office, Navy 240
Ex.O. Office, Navy 130
Reserve Office, Novy 135
Reserve Office, Navy 135
Office, Navy 200
Office, Navy 210
Office, Navy 100
Marine Active Administration 690
Marine Unit Administration 1,860
Reserve Otffice 150
Reserve Office 150
| and | Office 105
| and | Office . 105
Men's Toilet Room 90
Women's Toilet Roomn 40
Janitor 30
Walis and Partitions .
(5 percent) 370 - 88
Subtotal 7,770 168
(each column)
Subtotal 7,938
(both columns)
Circulation 1,190
(15 percent)

TOTAL 9,128
| $12 = 0.0929 m2 :
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TABLE 17
Program Area Tabul ation for Vehicular Maintenance Facility

Vehicle Maintenance Facility Grass Area in Square Feet
2 Bays Vehicle Maintenance 960
Maintenance Office 90
Tool Room 90
Toilet and Shower 50
Lead/Acid Battery Room 75
Flammable Storage 65
Silver/Zinc Battery Room 60
Electrical Maintenance 240
Jeep Radio Room 170
Radio Issue 45
Communication Storage 575
General Storage 390
Mechanical 50
TOTAL NET 2,860
1 ft*'= 0.0929 m’

4. CONTEXTUAL CONSIDERATIONS. In general, all of the steeply sloped areas
have trees with some undergrowth. The site is much -higher than the
surrounding terrain to the west and offers an exceptional viewin this
direction. Land use to the east as well as to the north (see Figure 79) is
residential. Because the site is within view of the residential areas, it
will be visually appropriate to mnimze the industrial aspects of the
facility (the vehicle maintenance and storage yards, in particular). The
roof of any single-story structure within the site will be visible fromthe
approaches to the east. |If the building elevation is set |ow enough to
allowa full berm the roof may even be visible fromthe entrance road
Consequently, the attractiveness of the roof will be a major consideration

5. SITE ACCESS. Wether or not the final building is substantially earth-
sheltered, the slope of this site allows handi capped access to a two-|eve
building without the use of elevators. Assuming that the training functions
are located on a |lower level and the adm nistration functions are |ocated on
an upper level, pedestrian and vehicul ar access to the |ower level will be
fromthe northwest corner of the site while admnistration (and the main
entrance) can be accessed fromthe east.

6. BULD NG ORIENTATION. There are basically three building alignments
that are suggested by the existing site features. These are: alignment wth
the top of the slope, alignnent with any existing construction that may be
retained, and, alignment with the approach road to the north.
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TABLE 18
Sunmmary of Program by Zones

AREAS IN SQUARE FEET

Functions which require daily heating and air-conditioning at normal ambient

temperatures (administrative functions)

Exterior wall location required 7,770
Interior location suitable 168
Circulation (estimated) 1,190

Subtotal gross area 9,128

Functions which require only intermittent heating and air-conditioning to normal

temperatures and functions which require only low-ambient temperatures (training

functions)
Exterior wall location required 8,101
Interior location suitable 6,867
Circulation (estimated) 2,245
Subtotal gross area 17,213
Total Gross Area 26,341

(main building)

Total Gross Area

2,860
(vehicle maintenance)

Total Gross Area far Project 29,201

1 ft'= 0.0929 m’

a.  Alignment with the Slope. Alignment with the top of the slope will
probably provide the nost natural integration of the building and the

terrain whether or not the building is earth-sheltered. Aignment with the
sl ope also affords the best angle for viewto the west. Diagramatically,
Figure 80 shows a two-story rectangular building superinposed on this
portion of the site. Figure 81 diagrams the same building as a fully-berned
structure. Note that grading and excavation are mninal in the half-benn

version. Figure 81 suggests, however, that extensive retaining walls for
the full bermbuilding my be required in the final schematic design
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FI GURE 79
Existing Site for Design Exanple

b. Alignment with the Road. Alignment with the road will require
greater anounts of earthwork than would be required for alignment with the
slope (refer to Figures 82 and 83). The building would cut further into the
slope. In addition to excavating the building area, additional |and area
woul d have to excavated to allow access and provide natural light to the
lower floor. This orientation, however, has greater potential for passive
solar adjustments than the previous alignment. Also, if the building is
earth-covered (and therefore potentially anbiguous architecturally).
alignment with the road may strengthen the architectural definition of the
bui | di ng.
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Hal f - Ber m Bui | di ng Ful | - Ber m Bui | di ng

Aligned with Slope Aligned with Slope

FI GURE 82 FI GURE 83
Hal f - Ber m Bui | di ng Ful | - Ber m Bui | di ng
Al'igned with Road Al'igned wth Road

C. Alignment with Retained Buildings and Site Features. The |ocation
of the existing vehicle nmaintenance buiTding and the access requirenments
suggest that as much of the existing vehicle nmaintenance facility be reused
and nodified as possible. Qher features that mght be saved include the
flag pole, the stone retaining walls behind the vehicle maintenance
buil dings, and the guardrail to the southwest of the reserve center.
Alignment with retained site features is not diagramed. Such an
orientation would share in the advantages and di sadvantages of the other two
al i gnnent s.
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d. Prelimnary Ceotechnical Report. It is unlikely that the building
wi |l have the same plan as assuned in the foregoing analysis. However, this
| evel of analysis allows a prelimnary geotechnical report to be ordered.

In addition to soil characteristics and ground water information, the

geot echni cal investigation should provide additional information on the
stability of the slope. The determnation of the final floor elevation, and
therefore of the relationship to the slope, will depend on the prelimnary
geot echni cal investigation and a plan diagram

7. ORI ENTATION FOR PASSI VE SOLAR BENEFIT. Exterior walls that are exposed
for light, fire rescue, and ventilation access should al so have a favorable
solar orientation if possible. Access functions which do not require

wi ndows, such as vehicul ar and nechani cal access can be positioned on the
nort hwest side.

8. PROTECTION FROM WNTER WND. Prevailing winter wind is fromthe
northwest. Unfortunately the exterior wall at this point nust be exposed
for vehicular access. However, the retaining wall which is probably
necessary in the full-bermconfiguration may provide some sheltering.
Evergreen trees are also a possible buffer

9. EQUALI ZATION OF FLOOR AREAS IN THE FULL- BERM CONFI GURATI ON. The | ower -
and upper-level floors have significantly different areas (see Figure 84).
Equal i zation of the floor areas will reduce initial construction cost and
enable a full-berned configuration to be devel oped. The half-berm
configuration in Figure 84 does not lend itself to full bermng since it
woul d be inpractical to bermthe wall of the upper floor in the area above
the roof of the lower level. The structural costs for carrying that much
earth would be excessive. If the functions are reversed, with
administration on the lower floor, full-bermng can be acconplished.

However, the programrequires that admnistration be |ocated adjacent to the
| obby and the main entrance

In order to develop an econom cal full-bermconfiguration, it is
necessary to look at redistributing functions so that the floors can be
equalized. Tables 15 and 16 group the program functions by mechani cal,
natural light, and access functions. Figure 85 combines this information
wi th program adj acency requirements. The horizontal |ine separates |ow and
normal energy loads. The vertical |ine separates functions according to
perineter wall requirements. Figure 86 takes these groups and places them
on different floors, according to the adjacency determned in Figure 85.
Resultant floor areas and estimated lineal feet of access required for each
floor level are then tabulated. Schematic section nunber 1 in Figure 86 is
acceptable as a half berm configuration. Schematic Section 2 does not work
on the site because administration is not on the entrance floor. Schematic
Section 3 will probably not allow optimum full berm ng because of the |arge
amount of natural |ight access required at the upper floor. Schematic
Section 4 has a simlar problem Schematic Section 5 is geonetrically
acceptable for full-bermng. The w ndow and access requirements for both
floors are nore evenly matched and the floors are nearly the same size.
However, the adjacency of the admnistration to |lockers is undesirable
wi thout visual, acoustical, and psychol ogi cal separation

10. ALLOCATION OF FUNCTI ONS BY MECHANI CAL REQUI REMENTS. Section 9, Space
Pl anning, and Progranm ng, provides guidance for locating the mechanica
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FI GURE 84
Schematic Section of Training and Administrative Floors

zones for optimum thermal benefit. In the case at hand, it nust be
determ ned whether a storage function with a |ow thernostat setting or a
function such as offices, with a normal thermostat setting, should be

| ocated on an earth-sheltered wall for maxi mum thermal benefit. On one
hand, it woul d appear that the storage function would buffer the office
function against the colder tenperatures near the ground surface. On the
other hand, the office can obtain greater cooling benefit by being |ocated
on an earth-sheltered wall (in this particular climate). To get a rough
i dea of which arrangenent is better froman energy standpoint, it is
necessary to |l ook at the relative energy |oads of each of the two
arrangenents.

This is quickly done by utilizing the Heat Flux Tables in Appendix A
Figure 102 in Appendix A indicates that Cincinnati is on the border between
zones 2 and 4. The corresponding cities for these zones are Kansas Gty and
Boston. Turning to Table 38 in Appendix A for Kansas Gty with R 20.8
insulation, the appropriate heat flux values are selected for the various
floor and wall components for January and July for "full-berm one-story."
(Average, rather than dry or wet, soil conditions are assuned for this
pur pose. )

Al t hough one space is heated to 55°F (12.8°C) and the other to 68°F
(20°C), the reduction in heat flux will not be proportional to the
difference in tenperatures due to the thermal nmass of the earth. An
approxi mate estimate of the heat fluxes for a space with a 55°F (12.8°Q)
thernostat setting can be obtained by slightly reducing the listed val ues,
say by 5 percent, but not by 20 percent, which would be proportional and
therefore, characteristic of a nmore steady-state heat transfer (above-grade)
rather than an earth-sheltered situation. Accuracy at this point is not of
great concern since the magnitude of the bel owgrade heat loss is very |ow.
Because the peak heat |osses shown in Table 38 are near the average
i nstantaneous (hourly) values, the instantaneous values will be sufficient
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3,700 ftz multimedia storage '
150 ft exterior wall? 1,400 ftz
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Letters are keyed to figure 86.
2. Exterior wall frontage is estimated by examining each room
for functional proportions.

1 ft’= 0.0929 m’

-

FI GURE 85
Space Allocation by Program Requirenent &

for this comparison. Also, ventilation air need not be considered for this

purpose (ventilation loads will tend to be independent of the |ocation of
the zone).

The total hourly loads for the two selected nonths are obtained as shown
in Figures 87 and 88. The results (which are approximte) are sunmmarized in
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Exterior

Schematic Section Area wall
(letters keyed to fiqure 85 ) (ft*) required (ft)
A J 9,600 240
1 CMV TESL 16,700 270

(acceptable for half-berm configuration)

2 fcwv TESL | 16,700 270
—dA J] ' 9,600 240

(programmatically does not work on site)

3 1AC TS| 14,700 390
—d MV ESL | 11,600 120

(required exterior wall length too long at upper floor)

.

4 AV SJ| 16,000 330
ened M TEL | 10,300 180

(required exterior wall length too long at upper floor)

5 A LJ 13,600 240
—dCMV TES i]

12,700 270

(geometrically acceptable for full berm but upper floor
adjacency is questionable)

1 m?= 0.7639 ft’
1 mm = 0.0328 ft

FI GURE 86
Space Allocation to Equalize Floor Areas

Figure 89. Placing the office function, instead of storage, on an
earth-sheltered wall, yields a small energy savings for January and July.
Exam nation of the other months will yield a simlar conclusion. If Table

36 in Appendix Ais used (Boston), the advantage of the perinmeter |ocation
for the office will be nmore pronounced. This can be seen by visual

i nspection of the values in Table 36 and by comparing these to the values in
Table 38. If less insulation is used, the same conclusion holds. This also
is evident by visual inspection of the values in Tables 29 and 31.
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Storage | Office

Hourly heat flux for = Average heat flux Surface area, ft’
OFFICE SPACE from Table 36, X
Btu/h ft
Hourly heat flux for = Average heat flux Correction Surface, ft’
STORAGE SPACE from Table 36, X Factor X Area
Btu/h ft*
JANUARY
OFFICE Btu/h
wall level-l (2.10) (135) = +284
perimeter slab (.55) (200) = +110
internal gain (lights and equipment) (- 10.24) (200) = -2,048
internal gain (people) (-250) (2) = _-500
TOTAL = -2,150
Net load 0
(Use economy cycle)
STORAGE
interior slab (.42)(.95)(200) = +78
interior gain (lights) (-1.7) (200) = -340
TOTAL = -262
Net load 0
(Use economy cycle)
JULY
OFFICE Btu/h
wall level-l (1.74) (135) = +235
parameter slab (93) (200) = +186
internal gain (lights and equipment) (-10.24) (200) = -2,048
internal gain (people) (-250) (2) 